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VERTICAL BOREHOLE DESIGN AND COMPLETION PRACTICES USED 
TO REMOVE METHANE GAS FROM MINEABLE COALBEDS 

by 

1 1 Stephen W. Lambert , Michael A. Trevits2,  and Peter F. S t e i d l  

INTRODUCTION 

Coalbed gas  d ra inage  from t h e  s u r f a c e  i n  advance of mining has  long 
been t h e  g o a l  of r e s e a r c h e r s  i n  mine s a f e t y .  Bureau of Mines e f f o r t s  t o  
achieve  t h i s  goa l  s t a r t e d  about  1965 w i t h  t h e  i n i t i a t i o n  of an app l i ed  
r e sea rch  program designed t o  test d r i l l i n g ,  completion, and product ion 
techniques f o r  v e r t i c a l  boreholes .  Under t h i s  program, over 100 
boreholes  were completed i n  16 d i f f e r e n t  coalbeds.  The f i e l d  methods 
der ived  from t h e s e  tests, toge the r  w i t h  a b a s i c  understanding of t h e  
coalbed r e s e r v o i r ,  r e p r e s e n t  an a v a i l a b l e  technology a p p l i c a b l e  t o  
any gas  d ra inage  program whether designed p r imar i ly  f o r  mine s a f e t y  
o r  f o r  gas  recovery,  o r  bo th .  

Much of t h e  s u b j e c t  matter contained i n  t h i s  r e p o r t  i s  der ived  
f r o m  p a s t  work sponsored by t h e  Bureau of Mines. 
presented w a s  later completed under t h e  Department of Energy, which, 
a f t e r  October, 1977, assumed r e s p o n s i b i l i t y  f o r  many of t h e  v e r t i c a l  
borehole  programs previous ly  i n i t i a t e d  by t h e  Bureau of Mines. 

The most r e c e n t  work 

- 1/ Geologis t ,  Carbondale Mining Technology Center ,  Carbondale, I l l i n o i s  

- 2/  Geologis t ,  P i t t s b u r g h  Mining and Safe ty  Research Center ,  Bureau 
of Mines, P i t t s b u r g h ,  Pennsylvania 

- 1 -  



SUMMARY 

Borehole  S p e c i f i c a t i o n s  

1. The minimum c a s i n g  s i z e  t h a t  accommodates most s t a n d a r d  down-hole 
t o o l s  is  f o u r  i n c h e s  i n s i d e  d iameter .  

2 .  D e g a s i f i c a t i o n  b o r e h o l e s ,  a f t e r  mine-through, can  b e  used f o r  mine 
development by p r o v i d i n g  convenient  avenues t o  t h e  s u r f a c e .  The 
d iameter  and complet ion of t h e s e  w e l l s  should  b e  s p e c i f i e d  d u r i n g  
p l a n n i n g  phases  t o  m e e t  t h e  i n t e n d e d  usage .  

Some P r i n c i p l e s  of Coalbed Gas S t o r a g e ,  
Release and K i g r a t i o n  

1. For p r a c t i c a l  a p p l i c a t i o n ,  t h e  maximum amount of g a s  s t o r e d  i n  
c o a l b e d s  i s  g e n e r a l l y  assumed t o  b e  t h e  amount a t  e q u i l i b r i u m  w i t h  
t h e  measured p r e s s u r e / t e m p e r a t u r e  c o n d i t i o n s  of t h e  coa lbed .  This  
i s  b e s t  i l l u s t r a t e d  by a n  e q u i l i b r i u m  s o r p t i o n  i s o t h e r m  c u r v e  f o r  
methane g a s .  

2 .  Coalbed g a s  t r a v e l s  by d i f f u s i o n  t o  n a t u r a l  f r a c t u r e s  and t h e n  
by Darcy f low t o  a p o i n t  of lowes t  p r e s s u r e .  
water s a t u r a t i o n ,  t h e  c o a l b e d ' s  p e r m e a b i l i t y  t o  g a s  i n c r e a s e s ,  enhancing 
f l o w  rate .  

By lowering coa lbed  

E f f e c t i v e  Well Placement 

1. S i n g l e  w e l l s  p laced  a l o n e  i n  v e r y  l a r g e  coa lbed  areas do n o t  produce 
h i g h  s u s t a i n e d  g a s  f lows  because  t h e y  do n o t  e f f e c t i v e l y  lower 
coa lbed  h y d r o s t a t i c  p r e s s u r e  o r  water s a t u r a t i o n .  

2 .  An e f f i c i e n t  method f o r  reducing  p r e s s u r e  and d e c r e a s i n g  coa lbed  water 
s a t u r a t i o n  w i t h i n  a p r a c t i c a l  t i m e  i n t e r v a l  ( e s s e n t i a l  t o  h i g h  g a s  
f low r a t e )  i s  t o  p l a c e  w e l l s  i n  c l o s e l y  spaced p a t t e r n s  o r  p o s i t i o n  
w e l l s  c l o s e  t o  mine workings.  

D r i l l i n g  

1. P o r t a b l e  d r i l l i n g  r i g s ,  c a p a b l e  of d r i l l i n g  d e g a s i f i c a t i o n  b o r e h o l e s  
t o  d e p t h s  of 2,500 f e e t ,  a r e  a v a i l a b l e  i n  t h e  water w e l l  and pe t ro leum 
d r i l l i n g  i n d u s t r i e s .  
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2 .  I n  gene ra l ,  d r i l l i n g  muds should be  avoided s i n c e  they almost  c e r t a i n l y  
cause coalbed permeabi l i ty  damage. 

3 .  Percussion type  d r i l l  b i t s  enable  boreholes  t o  b e  d r i l l e d  quick ly .  
Tri-cone type  b i t s ,  however, cause less coalbed permeabi l i ty  damage. 

Logging 

Geophysical l ogs  which measure rock d e n s i t y  provide  an  e x c e l l e n t  
means of i d e n t i f y i n g  coalbed s t r a t i g r a p h i c  hor izons  i n  an open- 
hole .  
qu i red  t o  select cas ing  equipment and cementing parameters.  
t ype  l o g s  are reasonably good i n d i c a t o r s  of c o a l  a f t e r  t h e  borehole  
is cased.  

Cal iper  l o g s  o f f e r  t h e  p r e c i s e  q u a n t i t a t i v e  information re- 
Neutron 

Completion 

Coalbed gas  dra inage  has  been most s u c c e s s f u l  when "openhole" type  
complet ions are used f o r  d e g a s i f i c a t i o n  boreholes .  Product ion from 
pe r fo ra t ed  w e l l s  has  been s i g n i f i c a n t l y  lower. Abrasive- je t  s l o t t e d  
completions have been most e f f e c t i v e  through cas ing .  

Method of Removing and Measuring Water 

1 .. 

2. 

3 .  

1. 

2 .  

A proven method of removing water from d e g a s i f i c a t i o n  boreholes  is 
by means of a sucker-rod pump. This method is  e f f e c t i v e  when pro- 
duc t ion  is  less than 200 bpd bu t  r e q u i r e s  r o u t i n e  maintenance. 

Posi t ive-displacement  meters are used t o  measure water bu t  t h i s  
method u s u a l l y  r e q u i r e s  an inappropr i a t e  amount of r o u t i n e  main- 
t enanc e . 
The t i m i n g  mechanisms i n s t a l l e d  wi th in  t h e  e l e c t r i c  power c i r c u i t  
t o  borehole  pump motors au tomat i ca l ly  c o n t r o l  pumping i n t e r v a l s  but  
r e q u i r e  cons t an t  a t t e n t i o n  i n  order  t o  main ta in  a "dry hole"  
cond i t ion .  

Problems of Monitoring Water Product ion 

So l ids  and gas  i n  w a t e r l i n e s  cause s i g n i f i c a n t  meter inaccurac i e s  
and/or  pump malfunct ions.  

Improper pump i n t e r v a l s  a l low water t o  r i se  i n  boreholes  
above coa lbeds ,  reducing gas  product ion;  o r  a l low water 
t o  f a l l  below pump hor izons ,  r e s u l t i n g  i n  excess ive  wear of  
equipment . 
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Improved Methods f o r  Monitoring Water Product ion 

1. 

2.  

3 .  

4 .  

5. 

1. 

2 .  

3 .  

1. 

2 .  

1. 

Gas contained i n  w a t e r l i n e s  can b e  removed b e f o r e  the water is  
metered by inco rpora t ing  a vented s e p a r a t i o n  tank  i n  t h e  su r face  
water flow system. 

Most l a r g e  p i e c e s  of s o l i d  d e b r i s  c a r r i e d  through w a t e r l i n e s  sett le 
i n  t h e  s e p a r a t i o n  tank  (Item 1, above) .  The remaining s o l i d s ,  sus-  
pended i n  t h e  flow system, can be  removed wi th  a d i r t -and-rus t  water 
f i l t e r  i n s t a l l e d  downstream from t h e  s e p a r a t i o n  tank.  

Downhole pump stoppage due t o  lodging of l a r g e  p i eces  of c o a l  o r  
o t h e r  rock material can sometimes be  ave r t ed  by i n s t a l l a t i o n  of a 
sc reen  a t  t h e  lower end of t h e  water product ion tub ing .  

Automatically con t ro l l ed  pump c y c l e s  must b e  checked f r e q u e n t l y  and 
reset wi th  every s i g n i f i c a n t  change i n  water product ion.  An alter-  
n a t i v e  method t o  cycled pumping i s  t h e  use  of a var iable-speed c o n t r o l  
on t h e  pump. 

To prevent  f r e e z i n g ,  s u r f a c e  w a t e r l i n e s  can be  wrapped wi th  hea t  
t a p e  and then covered wi th  i n s u l a t i o n .  

Method of Removing and Measuring Gas 

Gas i s  produced through t h e  annular  space between t h e  water 
product ion tub ing  and borehole  cas ing .  

Wells should b e  produced under minimal back-pressure.  

Diaphram, r o t a r y ,  and t u r b i n e  type  gas  meters are used t o  monitor 
d e g a s i f i c a t i o n  borehole  gas  f lows.  

Gas Product ion Monitoring Problems 

Water build-up i n  gas  l i n e s  dec reases  meter accuracy and can 
permanently damage working components when f r e e z i n g  occurs .  

Sudden p res su re  release a f t e r  w e l l s  have been shut- in ,  o r  when un- 
loading  occurs  can damage gas  monitor ing equipment. 

Improved Methods f o r  Monitoring G a s  Product ion 

Commercially a v a i l a b l e  f i l t e r s  are designed t o  remove f i n e  
s o l i d  p a r t i c l e s  from g a s  l i n e s  wi th  very  l i t t l e  p r e s s u r e  drop. 
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2 .  

3 .  

4 .  

1. 

2 .  

3 .  

1 .  

2.  

1. 

The mois ture  con ten t  of coalbed gas  is removed by cool ing ,  ab- 
s o r p t i o n ,  and impingement. 

Meter inaccuracy and p o s s i b l e  meter damage caused by sudden p r e s s u r e  
release i s  avoided by a l lowing  gas  p r e s s u r e  t o  bleed-off g radua l ly  
wh i l e  main ta in ing  f low p r e s s u r e s  w i t h i n  the given meter range.  

Ice formation i n  gas  l i n e s  nea r  the wellhead i s  prevented by p rope r ly  
i n s u l a t i n g  and h e a t i n g  t h e  meters and o t h e r  p o i n t s  f avorab le  t o  water 
accumulation. 
creased dur ing  co ld  weather pe r iods  t o  a s s u r e  minimum condensate  
build-up. 

The number of r o u t i n e  f i e l d  i n s p e c t i o n s  should b e  i n -  

Analyses Of Gas Produced From Vertical Boreholes 

Methane con ten t  of gas  sampled from 34 v e r t i c a l  boreholes  average 
approximately 96 pe rcen t .  
average  0.08 pe rcen t .  

The pe rcen t  of h igher  hydrocarbons 

Hydrogen, helium, carbon monoxide, s u l f u r  d iox ide ,  and o t h e r  such 
gases  p re sen t  i n  convent iona l  n a t u r a l  gas  are only r a r e l y  found 
i n  coalbeds.  

The hea t  of combustion of coalbed gas  i s  comparable t o  t h a t  of 
n a t u r a l  gas ,  ranging from 900 t o  1,100 BTU/ft3. 

In t roduc t ion  To Well S t imula t ion  

The b a s i c  mechanics of t h e  s t i m u l a t i o n  procedure inc lude :  

a. Generat ion of a hydrau l i c  f l u i d  f o r c e  a t  t h e  s u r f a c e  by pumping. 
b. Appl ica t ion  of t h i s  hydrau l i c  f o r c e  t o  a s e l e c t e d  rock  u n i t  

through a borehole  which causes  a f r a c t u r e ,  o r  widening of a p re -  
e x i s t i n g  f r a c t u r e .  

Addit ion of propping agent  which s e r v e s  t o  hold t h e  f r a c t u r e  
open a f te r  t h e  app l i ed  hydrau l i c  f o r c e  is  r e l e a s e d .  

c. Extension of t h i s  break  by continued i n j e c t i o n  (pumping) of f l u i d .  
d. 

The intent  of s t i m u l a t i o n  is  t o  propagate  conduct ive  f r a c t u r e s  from t h e  
wel lbore  t o  a po in t  up t o  s e v e r a l  hundred f e e t  away w i t h i n  t h e  
coalbed and thus  expand t h e  area being dra ined  by t h e  wel lbore .  

Phys ica l  Rock P r o p e r t i e s  Affec t ing  S t imula t ion  

Natura l  f r a c t u r e  systems can account f o r  f l u i d  " leak  o f f "  du r ing  
s t i m u l a t i o n  t rea tments .  
n a t u r a l  f r a c t u r e  t r e n d s  and can be  p red ic t ed  wi th in  10 
degrees  azimuth. 

Induced f r a c t u r e  d i r e c t i o n ( s )  a l s o  p a r a l l e l  
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2 .  

3 .  

1. 

2 .  

3 .  

4 .  

5. 

6. 

1. 

2 .  

1. 

2 .  

Nechanical p r o p e r t i e s  of rocks can be used t o  p r e d i c t  breakdown 
parameters  f o r  s t imu la t ion  i f  t h e  rocks  exposed t o  t rea tment  a r e  
" f lawless ,  'I This i s  a tenuous viewpoint cons ider ing  t h e  n a t u r a l  
f r a c t u r e d  cond i t ion  of most rock  strata. 

It i s  r e l a t i v e l y  easy t o  propagate  f r a c t u r e s  i n t o  f u t u r e  mine roof 
o r  f l o o r  i f  t h e  rock is  a l r eady  f r a c t u r e d .  

C h a r a c t e r i s t i c s  of Induced Coalbed F rac tu res  

Induced coalbed f r a c t u r e s  may be  o r i en ted  v e r t i c a l l y ,  h o r i z o n t a l l y ,  
o r  i nc l ined .  

The d i r e c t i o n  of v e r t i c a l l y  induced f r a c t u r e s  is  u s u a l l y  p a r a l l e l  
t o  e x i s t i n g  n a t u r a l  f r a c t u r e  t r ends .  

F r a c t u r e  l e n g t h  i s  u s u a l l y  less than t h e  l eng th  p red ic t ed  i n  f r a c  
design.  
More v i scous  t r e a t i n g  f l u i d s  produce s h o r t  f r a c t u r e s .  

One reason f o r  t h i s  i s  excess ive  f l u i d  "leak-off".  

Given similar t reatment  p re s su res ,  f r a c t u r e  width is  con t ro l l ed  
mainly by f l u i d  v i s c o s i t y .  Highly v iscous  f l u i d s  produced wide 
f r a c t u r e s  . 
The s i z e  and arrangement of proppant material w i t h i n  induced f r a c -  
t u r e s  c o n t r o l s  t h e  ease of f l u i d  flow through t h e s e  f r a c t u r e s  and 
e f f e c t s  t h e  amount of coalbed p res su re  r educ t ion  a t t a i n a b l e  wi th in  
a given t i m e  per iod .  

Continued accumulation of sand proppant i n  boreholes  suggest  c l o s u r e  
stresses are less than o r i g i n a l l y  a n t i c i p a t e d .  

S t imula t ion  Using Gelled F lu ids  

Twenty-two s t imu la t ion  t rea tments  us ing  g e l l e d  f l u i d s  have been 
conducted s i n c e  1970. 
and con ta ins  n a t u r a l  gum t o  th icken  t h e  mixture  a l lowing it t o  
c a r r y  sand proppant and r e t a r d  f l u i d  leak-of f .  

This type  of hydrau l i c  f l u i d  i s  water based, 

S ix  c a s e  s t u d i e s  i l l u s t r a t e  t h e  Government's p a s t  experience us ing  
g e l l e d  f l u i d s  . 

St imula t ion  Using Foam 

Thir ty-nine Government sponsored coalbed s t i m u l a t i o n  tests have 
been conducted us ing  foam. 
mixture  of l i q u i d  (usua l ly  f r e s h  wa te r ) ,  gas ,  and foaming s u r f a c t a n t .  

This type  of hydrau l i c  f l u i d  i s  a 

Four case  s t u d i e s  i l l u s t r a t e  t h e  Government's p a s t  experience us ing  
foam. 
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Misce l laneous  S t i m u l a t i o n  Techniques 

1. 

2.  

3 .  

4 .  

1. 

2. 

3 .  

1. 

2 .  

An e x p l o s i v e  t y p e  f r a c t u r e  t r e a t m e n t  y i e l d e d  no i n c r e a s e  i n  
gas  p r o d u c t i o n .  
a f t e r  pumping n i t r o g e n  gas  i n t o  a coa lbed .  

The same poor p r o d u c t i o n  r e s u l t s  were obta ined  

One exper imenta l  coalbed s t i m u l a t i o n  d e s i g n  i n c o r p o r a t e s  t h e  u s e  
of g e l l i n g  a g e n t s ,  water and l i q u i d  C02. 
a f t e r  t h e  t r e a t m e n t  produced o n l y  s m a l l  amounts of gas  and water. 

S e v e r a l  months of pumping 

The p a t e n t e d  " K i e l  Frac" h a s  been a p p l i e d  twice t o  mineable  
c o a l b e d s .  
and water and i s  a p p l i e d  i n  pressurization/depressurization c y c l e s  
o r  s t a g e s .  
t o  produce h o r i z o n t a l  f r a c t u r i n g .  

This  t y p e  of s t i m u l a t i o n  i n c o r p o r a t e s  t h e  u s e  of sand 

A p r e l i m i n a r y  underground s t u d y  showed t h i s  t e c h n i q u e  

A s t i m u l a t i o n  d e s i g n  r e c e n t l y  t e s t e d  u s e s  foam and a v e r y  l o w  
i n j e c t i o n  rates but  does n o t  i n c l u d e  a s o l i d  propping a g e n t .  
The p o s s i b l e  b e n e f i t s  of t h i s  d e s i g n  i n c l u d e :  b e t t e r  f r a c t u r e  
h e i g h t  c o n t r o l ,  and t h e  e l i m i n a t i o n  of pumping problems r e s u l t i n g  
from i n f l o w  of f r a c  sand i n  o p e r a t i n g  boreholes .  This  d e s i g n  h a s  
been t e s t e d  one t i m e  i n  t h e  Mary L e e  Coalbed and t h e  p r o d u c t i o n  
r e s u l t s  w e r e  encouraging.  

Product ion  Problems Rela ted  t o  Coalbed S t i m u l a t i o n  

The presenc-c. o f  %el o r  g e l  r e s i d u e  i s  b e l i e v e d  t o  g r e a t l y  retard 
f l u i d  f low t o  w e l l b o r e s ,  e s p e c i a l l y  when t h i s  g e l  material i s  
used i n  p e r f o r a t i o n  t y p e  comple t ions .  

Sand proppant ,  c a r r i e d  back t o  t h e  w e l l b o r e ,  r e s u l t s  i n  mechanical  
pump f a i l u r e s  o r  s e v e r e  l o s s e s  i n  pump e f f i c i e n c y .  

Well unloading ,  s i m i l a r  t o  w e l l  "blowouts" i n  pe t ro leum i n d u s t r y  
terminology but  much smaller i n  scale, r e f e r s  t o  o c c a s i o n s  when 
much o r  a l l  of t h e  water c o n t a i n e d  i n  a w e l l  i s  c a r r i e d  t o  t h e  
s u r f a c e  by volumes of expanding gas .  During u n l o a d i n g ,  f l u i d  
v e l o c i t i e s  are  v e r y  h i g h  and f l u i d s  become e x c e p t i o n a l l y  
e f f e c t i v e  carriers of  s o l i d  d e b r i s  t o  w e l l b o r e s .  

E f f e c t s  of Hydraul ic  S t i m u l a t i o n  on Mining 

Of 64 Government sponsored s t i m u l a t i o n  t r e a t m e n t s ,  t h e  r e s u l t s  
of 1 2  have been observed d i r e c t l y  underground. 

The r e s u l t s  of s t i m u l a t i o n  have v a r i e d  g r e a t l y  w i t h i n  t h e  same 
coalbed and even w i t h i n  t h e  same mine. 
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3 .  P o t e n t i a l l y ,  t h e  worst  mine roof cond i t ion  a t t r i b u t a b l e  t o  hydrau l i c  
s t imu la t ion  i s  t h e  ex tens ion  of ho r i zon ta l ly -o r i en ted  f r a c t u r e s ,  
pos i t ioned  above t h e  c o a l  u n i t ( s )  being mined. 

4 .  To d a t e ,  t h e r e  has been no observed o r  repor ted  a f f e c t s  on roof 
s t a b i l i t y  t o  i n d i c a t e  t h e  Government's d e g a s i f i c a t i o n  program 
adverse ly  a f f e c t e d  mining opera t  ions .  

The E f f e c t s  of Removing Coalbed F lu ids  Before Mining, 

1. I f  n o t  s u f f i c i e n t l y  dep le t ed ,  producing boreholes  creates 
f avorab le  cond i t ions  f o r  gas release and migra t ion  i n t o  mines. 

2. There are two ways which mining can avoid p o t e n t i a l l y  excess ive  gas  
flows: (a)  a l low t h e  w e l l  t o  d e p l e t e ,  o r  (b) pump water back i n t o  
t h e  coalbed through t h e  wel lbore  o r  simply t u r n  o f f  t h e  dewatering 
pumps and a l low t h e  boreholes  dra inage  area t o  "flood" i t s e l f  
n a t u r a l l y .  

Cost of V e r t i c a l  Borehole Degasif i c a t i o n  

Current t o t a l  c o s t s  f o r  d r i l l i n g  and completing ( inc lud ing  adequate  
s t imu la t ion )  a v e r t i c a l  d e g a s i f i c a t i o n  borehole  range from $54 t o  $63 
p e r  foo t  of borehole  depth.  
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BOREHOLE SPECIFICATIONS 

E a r l y  d e g a s i f i c a t i o n  e f f o r t s  inc luded  a t t e m p t s  t o  u t i l i z e  explor -  
a t i o n  c o r e  h o l e s  p laced  by c o a l  mining companies f o r  format ion  t e s t i n g  
i n  t h e  P i t t s b u r g h  coa lbed .  These e f f o r t s  w e r e  u n s u c c e s s f u l  because  of 
t h e  s m a l l  d iameter  c a s i n g  ( l e s s  t h a n  two i n c h e s )  and t h e  l i m i t e d  s i z e  of 
s t i m u l a t i o n  equipment t h a t  could  b e  used ( 5 ) .  _ -  3 /  Today, t h e  minimum s i z e  
d i a m e t e r  b o r e h o l e  d r i l l e d  i s  s i x  i n c h e s .  A f t e r  c a s i n g ,  t h e  i n s i d e  d i a -  
meter of t h e  w e l l  i s  u s u a l l y  f o u r  i n c h e s  which i s  l a r g e  enough t o  ac- 
commodate most s t a n d a r d  downhole o i l  f i e l d  t o o l s ,  p i p e  t u b i n g ,  and w a t e r  
pumps. 

The b o r e h o l e  used t o  d r a i n  gas  ahead of mining can b e  used f o r  mine 
development a f t e r  t h e  w e l l  h a s  been i n t e r c e p t e d  underground. The d iameter  
of t h e s e  w e l l s  can t h u s  b e  s p e c i f i e d  t o  m e e t  t h e  i n t e n d e d  u s e  i n  t h e  
mine p l a n .  Such w e l l s  p r o v i d e  v e n t i l a t i o n ,  convenient  power, d u s t ,  o r  water 
t r a n s p o r t  avenues from t h e  s u r f a c e  t o  mine workings.  
been used t o  manifold g a s  d r a i n e d  from h o l e s  d r i l l e d  h o r i z o n t a l l y  from 
w i t h i n  t h e  mine t o  t h e  s u r f a c e .  

Vert ical  w e l l s  have a l s o  

- 3 /  Underl ined number i n  p a r e n t h e s e s  r e f e r s  t o  i t e m  i n  t h e  l i s t  of 
r e f e r e n c e s .  
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SOME PRINCIPLES OF COALBED GAS STORAGE, RELEASE, AND M I G R A T I O N  

Coalbed g a s  i s  adsorbed o n t o  t h e  i n t e r n a l  s u r f a c e s  of c o a l  m a t r i x  
material (31) .  The amount of gas  conta ined  i n  t h i s  manner w i t h i n  any 
g i v e n  a r e a o f  a coalbed depends p r i m a r i l y  on t h e  c o a l s '  i n h e r e n t  s t o r a g e  
c a p a c i t y  and on t h e  p h y s i c a l  c o n d i t i o n s  of t h e  coa lbed .  
i n d i c a t e s  t h a t  t h e  amount of g a s  t h a t  c o a l  can c o n t a i n  is l i m i t e d  by 
c o a l  rank .  Within a g iven  rank ,  however, t h e  amount of gas  a c t u a l l y  
adsorbed on t h e  c o a l  depends on t h e  p r e s s u r e / t e m p e r a t u r e  h i s t o r y  of t h e  
coa lbed .  For p r a c t i c a l  a p p l i c a t i o n ,  t h e  q u a n t i t y  of gas  i s  assumed t o  
b e  t h a t  which i s  a t  e q u i l i b r i u m  w i t h  t h e  measured p r e s s u r e l t e m p e r a t u r e  
c o n d i t i o n s  of t h e  coalbed.  This  r e l a t i o n s h i p  i s  b e s t  i l l u s t r a t e d  by 
e q u i l i b r i u m  iso therms as shown on F i g u r e  1. 

K i m  (20) 

Adsorpt ion i so therms demonst ra te  how c o a l s  c a p a c i t y  d e c r e a s e s  
Induced p r e s s u r e  r e d u c t i o n s ,  when e x t e r n a l  p r e s s u r e s  are reduced. 

i n t e n t i o n a l  o r  o t h e r w i s e ,  f i g u r e  h e a v i l y  i n t o  t h e  b a s e s  of a l l  t h e  gas  
c o n t r o l  o r  d r a i n a g e  e f f o r t s  p r e s e n t l y  be ing  t e s t e d .  
i n  a coalbed from which f l u i d s  are  removed, lowers  p r e s s u r e  and 
changes e q u i l i b r i u m  c o n d i t i o n s  i n  t h e  area sur rounding  t h a t  opening.  
The c o a l  a f f e c t e d  by t h i s  p r e s s u r e  r e d u c t i o n  releases a p o r t i o n  of 
i t s  g a s  i n  o r d e r  t o  a c h i e v e  e q u i l i b r i u m  w i t h  t h e  new r e s e r v o i r  c o n d i t i o n .  
A working mine, a s h a f t  d r a i n i n g  water, o r  a producing b o r e h o l e  each 
d i s r u p t s  a c o a l b e d ' s  p r e v i o u s  p r e s s u r e l g a s  s t o r a g e  e q u i l i b r i u m  i n  
a way which c a u s e s  gas  t o  be r e l e a s e d  (desorbed)  from t h e  c o a l  m a t r i x .  
This  i s  why d e g a s i f i c a t i o n  e f f o r t s  are des igned ,  i n  e s s e n c e ,  t o  
c a u s e  coalbed p r e s s u r e  r e d u c t i o n s  ahead of mining. 

Any opening 

Once r e l e a s e d  from t h e  c o a l ' s  i n n e r  s u r f c e  areas, coalbed gas  

Once gas  e n t e r s  t h e s e  f r a c t u r e s ,  m i g r a t i o n  i s  s i m i l a r  
t r a v e l s  by d i f f u s i o n  t o  n a t u r a l  f r a c t u r e s  i n  t h e  coalbed r e f e r r e d  t o  
as "cleat". 
t o  c o n v e n t i o n a l  f l u i d  f low (Darcy f low) t o  a p o i n t  of lowest  p r e s s u r e ;  
i . e . ,  a borehole ,  a mine, a s h a f t ,  and s o  f o r t h .  
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FIGURE 1. - VARIATION OF ADSORPTION 
ISOTHERMS WITH COAL RANK, AT O°C (20). 
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EFFECTIVE WELL PLACEMENT 

The two most impor tan t  r e s e r v o i r  changes brought  about  by t h e  re- 
moval of coalbed f l u i d s  are: (1) p r e s s u r e  r e d u c t i o n ,  and (2)  a lowering 
of water s a t u r a t i o n  (25) .  The e q u i l i b r i u m  s o r p t i o n  i so therm,  F i g u r e  2 ,  
demonst ra tes  t h e  c r i t z a l  importance of t h e  coa lbed  p r e s s u r e  c o n d i t i o n .  
The i s o t h e r m  shows t h a t  as p r e s s u r e  i s  lowered,  s u f f i c i e n t  g a s  w i l l  
b e  r e l e a s e d  t o  r e e s t a b l i s h  e q u i l i b r i u m  a t  t h e  new p r e s s u r e  c o n d i t i o n .  
I n  a d d i t i o n ,  t h e  g a s  which i s  r e l e a s e d  i n t o  t h e  c o a l b e d ' s  f r a c t u r e  system 
is made more r e a d i l y  a v a i l a b l e  f o r  f low t o  t h e  w e l l b o r e  as r e s e r v o i r  
water s a t u r a t i o n  i s  reduced.  This  i s  because t h e  c o a l b e d ' s  p e r m e a b i l i t y  
t o  g a s  f l o w  i n c r e a s e s  as demonstrated on F i g u r e  3 (22). 

Product ion  From S i n g l e  Wells 

Experience h a s  shown t h a t  s i n g l e  w e l l s  i n  v i r g i n  coa lbeds  do n o t  
produce h i g h  s u s t a i n e d  g a s  f low rates. 
reduce  coalbed p r e s s u r e  and d e c r e a s e  water s a t u r a t i o n  r a p i d l y  enough 
and/or  t o  a - g r e a t  enough d e g r e e  t o  m a i n t a i n  h i g h  f low rates. 
w a t e r - s a t u r a t e d  c o n d i t i o n  and a n  i n f i n i t e l y  l a r g e  r e s e r v o i r ,  f l u i d  
d r a i n a g e  can only  b e  e f f e c t i v e  i n  a n  area where p e r m e a b i l i t y  t o  t h e  w e l l  
is g r e a t e r  t h a n  t h e  c o a l b e d ' s  n a t u r a l  p e r m e a b i l i t y .  A t  s t i m u l a t e d  
w e l l s ,  t h i s  e f f e c t i v e  d r a i n a g e  area is  d i r e c t l y  r e l a t e d  t o  t h e  l e n g t h  
and c o n d u c t i v i t y  of t h e  induced f r a c t u r e s .  Outs ide  t h e s e  zones of 
induced p e r m e a b i l i t y ,  s i g n i f i c a n t  p r e s s u r e  and s a t u r a t i o n  r e d u c t i o n s  
occur  s lowly  because water i s  s u p p l i e d  by t h e  coalbed a t  n e a r l y  t h e  same 
ra te  i t  i s  removed. 

This i n d i c a t e s  t h a t  t h e y  cannot  

Given a 

Water p r o d u c t i o n  from a s i n g l e  w e l l  is  t y p i c a l l y  h i g h  d u r i n g  e a r l y  
phases  of pumping s i n c e  water o r i g i n a t e s  p r i m a r i l y  from t h e  area of  
induced p e r m e a b i l i t y  around t h e  w e l l .  Water f low,  however, d e c r e a s e s  
s h a r p l y  and d r a i n a g e  expands beyond t h i s  h i g h l y  permeable zone. This  
lower l e v e l  of w a t e r  p roduct ion  t h e n  v e r y  s lowly  d e c r e a s e s  throughout  
t h e  remaining l i f e  of t h e  w e l l .  

F i g u r e  4 shows a g a s  p r o d u c t i o n  c u r v e  from a w e l l  p l a c e d  i n  a 
Even though coalbed f l u i d  coa lbed  f a r  from o t h e r  d r a i n a g e  p o i n t s .  

p r e s s u r e  w a s  reduced s e v e r a l  hundred f e e t  away from t h i s  w e l l  ( F i g u r e  
51, t h e  r e d u c t i o n  w a s  s m a l l  and o n l y  a s m a l l  p e r c e n t a g e  of t h e  t o t a l  
amount of g a s  s t o r e d  i n  t h e  c o a l  w a s  r e l e a s e d  ( r e f e r  t o  F i g u r e  2 ) .  
S i n c e  t h e r e  was r e l a t i v e l y  l i t t l e  g a s  a v a i l a b l e  f o r  f low,  g a s  p r o d u c t i o n  
rates d e c l i n e d  q u i c k l y .  The p r o d u c t i o n  c u r v e  shown on F i g u r e  6 a l s o  
demonst ra tes  t h e  r e l a t i v e l y  r a p i d  d e c l i n e  and low g a s  f lows  measured 
from s i n g l e  w e l l s  i s o l a t e d  from o t h e r  d r a i n a g e  p o i n t s .  
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FIGURE 2. - EQUILIBRIUM SORPTION ISOTHERM 
CURVE (25). 
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FIGURE 3. = GAS PERMEABILITY RELATIVE TO 
WATER SATURATION (22). 
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FIGURE 4. - PRODUCTION CURVES FROM A 
DRAINAGE WELL PLACED MORE THAN 
3000 FEET FROM ANOTHER DRAINAGE 
POINT IN THE MARY LEE COALBED. 
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FIGURE 5. - COALBED WATER PRESSURE DECLINE 

NORTH-SOUTH LINE AND UP TO 2,945 FEET 
MEASURED AT OBSERVATION WELLS PLACED ALONG A 

FROM PRODUCTION WELL. 
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FIGURE 6. - PRODUCTION CURVES FROM A COALBED GAS 
DRAINAGE WELL PLACED MORE THAN 3000 FEET FROM 

ANOTHER DRAINAGE POINT IN THE BECKLEY COALBED. 
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Product ion  From W e l l  P a t t e r n s  o r  Near Mine Opera t ions  

A more e f f i c i e n t  method used t o  r e d u c e  p r e s s u r e  and d e c r e a s e  water 
s a t u r a t i o n  i s  t o  draw f l u i d s  from a more " l i m i t e d  r e s e r v o i r  area" of a 
coa lbed .  This  can b e  accomplished by complet ing m u l t i p l e - w e l l  p a t t e r n s  
o r  by p o s i t i o n i n g  w e l l s  c l o s e  t o  mine workings.  A s  coa lbed  f l u i d s  are 
removed from two o r  more w e l l s ,  t h e  d r a i n a g e  areas o v e r l a p ,  and a l l o w  
t h e  w e l l s  t o  remove f l u i d s  from s p e c i f i c  r e s e r v o i r  areas. By doing  
t h i s ,  coalbed p r e s s u r e  i s  reduced t o  a g r e a t e r  d e g r e e  w i t h i n  a s h o r t e r  
p e r i o d  of t i m e ,  a l l o w i n g  much more g a s  t o  b e  r e l e a s e d .  Water s a t u r a t i o n  
is a l s o  lowered t o  a g r e a t e r  d e g r e e  i n c r e a s i n g  g a s  p e r m e a b i l i t y  and 
enhancing g a s  f low t o  t h e  w e l l s .  

F i g u r e  7 demonst ra tes  a s q u a r e  g r i d  o r  "experimental"  arrangement 
of w e l l s  used when l i t t l e  i s  known about  t h e  s p e c i f i c  f low a n d / o r  
s t r u c t u r a l  p r o p e r t i e s  of t h e  coa lbed .  Another p a t t e r n ,  shown on 
F i g u r e  8 , i s  a n  arrangement which could b e  used t o  t a k e  advantage  of 
c e r t a i n  d i r e c t i o n a l  p e r m e a b i l i t y  c h a r a c t e r i s t i c s ,  as would b e  determined 
from g e o l o g i c  s t u d i e s  (28) - - - -  (29) (30) (6)  o r  from p r i o r  e x p e r i m e n t a l  d r i l l i n g  
work i n  t h e  area ( 2 3 ) .  - 

F i g u r e  9 demonst ra tes  one t y p e  of w e l l  arrangement  which can b e  
used n e a r  mine workings.  Here t h e  mine workings and t h e  sur rounding  
w e l l s  c r e a t e  o v e r l a p p i n g  d r a i n a g e  areas. P r o d u c t i o n  h a s  been encouraging 
from t h e  few b o r e h o l e s  completed s u c c e s s f u l l y  n e a r  mine workings (2). 
F i g u r e  1 0  shows product ion  measured from one such  w e l l  p laced  about  600 
fee t  from a mine opening. Gas p r o d u c t i o n  from t h i s  w e l l  began t o  i n c r e a s e  
about  60 days a f t e r  pumping w a s  i n i t i a t e d  because  an  o v e r l a p p i n g  d r a i n a g e  
area w a s  e s t a b l i s h e d  between t h e  w e l l  and t h e  mine opening.  The same 
t y p e  of p r o d u c t i o n  ( shape  of c u r v e ,  F i g u r e  10) i s  expected from w e l l s  
p laced  i n  g r i d  p a t t e r n s  s i n c e  o v e r l a p p i n g  d r a i n a g e  areas must occur .  
Curren t  r e s e a r c h  on s p a c i n g  i s  b e i n g  conducted so  t h a t  t h e  d i s t a n c e  
and t i m e  r e q u i r e d  f o r  o v e r l a p p i n g  d r a i n a g e  t o  occur  can b e  f o r e c a s t e d .  

- 18 - 



0 0 

0 0 0 a n 
a v) 

c9 

0 0 



I 

1'3 
3 

I 

CLEAT ORIENTATION 

0 

0 

0 

0 0 

0 

0 0 

0 

0 

0 0 

0 

0 

0 0 

0 

0 

COALBED GAS DRAINAGE BOREHOLE 

0 

PATTER N. 



BUTT 4 
I 
I, FACE 

CLEAT ORIENTATION 
COALBED GAS DRAINAGE BOREHOLE 

FIGURE 9. 
BOREHOLE ARRANGEMENT 

NEAR MINE WORKINGS. 



FIGURE 10. - PRODUCTION CURVES FROM A COALBED 
GAS DRAINAGE WELL PLACED NEAR MINE 
WORKINGS IN THE MARY LEE COALBED. 

GAS PRODUCTION, MCFD WATER PRODUCTION, BPD 

160 - WELL NO. TW3 
MARY LEE COALBED r JEFFERSON COUNTY, ALABAMA 

;5*5 15 25,,5 15 25,,5 15 25A5 15 25,5 15 25,,5 15 * 25,,5 15 V 2 

40 

20 

80 

70 

60 

50 

40 

30 

20 

10 

0 

\ 
\ - 

- --- -- -- 8- -- -, '%-- 
- 

- 
/ MINE FACE 590 FT. MINE FACE 590 FT., 

DEC JAN FEB MAR APR MAY JUN JUL 
1976 1977 



DRILLING 

Degas i f i ca t ion  boreholes  are normally r o t a r y  d r i l l e d  using p o r t a b l e  
d r i l l i n g  r i g s  s imilar  t o  t h a t  shown on Figure 11. 
d r i l l i n g  wi th  4-1/2 inch  diameter  d r i l l  p i p e  t o  depths  up t o  2,500 f e e t  
have been used most ex tens ive ly .  
an  a i r  compressor and a water o r  mud pump. 

Rigs capable  of 

These r i g s  are u s u a l l y  equipped wi th  

D r i l l i n g  ope ra t ions  have u t i l i z e d  a i r ,  m i s t ,  water, foam, o r  mud 
as a medium t o  c a r r y  rock  c u t t i n g s  t o  t h e  su r face .  
t h e  p o s s i b i l i t y  of coalbed permeabi l i ty  damage by i n f i l t r a t i o n  of 
d r i l l i n g  f l u i d ,  more r ecen t  ope ra t ions  have s t r i c t l y  avoided t h e  u s e  of 
d r i l l i n g  muds except where they w e r e  considered abso lu te ly  e s s e n t i a l .  
A i r ,  o r  l i g h t  foam, are t h e  most d e s i r a b l e  d r i l l i n g  mediums used today 
s i n c e  they guard a g a i n s t  permeabi l i ty  damage and i n c r e a s e  d r i l l i n g  
speed by reducing pore p re s su re  a t  t h e  b i t l r o c k  i n t e r f a c e  (17). I 

I n  o rde r  t o  minimize 

The type  of b i t  used t o  p e n e t r a t e  c o a l  s t ra ta  i s  an important 
cons ide ra t ion  i n  d r i l l i n g  coalbed dra inage  holes .  Coal, because i t  
has  a low mechanical s t r e n g t h ,  r e a d i l y  s u f f e r s  formation damage and 
t h i s  reduces t h e  permeabi l i ty  a t  t h e  w e l l  per iphery.  

Tri-cone d r i l l i n g  b i t s  were used almost exc lus ive ly  dur ing  t h e  
e a r l y  phases of experimental  work. 
techniques  has  enabled o p e r a t o r s  t o  use  percuss ion  type  b i t s  which 
e a s i l y  p e n e t r a t e  t h e  rock types  encountered. Care must be taken,  
however, when us ing  such h igh  compression b i t s  when d r i l l i n g  s o f t  
c o a l  hor izons  because mechanically induced formation damage may occur.  
One p r a c t i c e  has been t o  swi tch  from a percuss ion  b i t  t o  a t r i - cone  
b i t  s e v e r a l  f e e t  above t h e  expected coal-bear ing horizon (3). 

More recent work us ing  a i r  d r i l l i n g  
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FIGURE 11. - TYPICAL SIZE AND 
TYPE OF DRILLING RIG USED TO ROTARY 

DRILL COALBED GAS DRAINAGE BOREHOLES. 
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LOGGING 

There are two gene ra l  methods used t o  o b t a i n  r eco rds  o r  "logs" of 
t h e  va r ious  rock s t r a t a  penet ra ted  by coalbed gas  dra inage  boreholes .  
The f i r s t  method i s  app l i ed  dur ing  d r i l l i n g  ope ra t ions  and involves  t h e  
sampling of rock o r  formation f l u i d ( s )  and t h e  measurement of pene t r a t ion  
rates. 
non-d r i l l i ng  phase of w e l l  development and inc ludes  t h e  use  of 
w i re - l ine  e lec t r ica l  logging equipment. 

The second method of logging boreholes  i s  app l i ed  dur ing  any 

Depth and th i ckness  of t h e  c o a l  u n i t s  pene t ra ted  i n  boreholes  are 
of primary concern t o  success fu l  d r i l l i n g  p r o j e c t s .  This information is  
v i t a l  f o r  s t r a t i g r a p h i c  c o r r e l a t i o n  purposes,  w e l l  completion p l ans ,  and 
s t i m u l a t i o n  design.  Rock c u t t i n g s  and d r i l l i n g  t imelogs ,  though h e l p f u l  
t o  t h e  ope ra to r ,  are gene ra l ly  a poor s u b s t i t u t e  f o r  t h e  type  of p r e c i s e  
information u s u a l l y  r equ i r ed .  
co res  but  t h e s e  are q u i t e  expensive,  e s p e c i a l l y  when obtained from 
l a r g e r  diameter  boreholes .  
and can be used t o  d e l i n e a t e  c o a l  zones less than a f o o t  t h i c k  (34). 

Best r e s u l t s  have been obtained from 

Geophysical logging i s  much less expensive 

Geophysical l o g s  which measure rock dens i ty  are e x c e l l e n t  f o r  u se  
i n  c o a l  i d e n t i f i c a t i o n  and a re  used most o f t e n  i n  d r i l l i n g  p r o j e c t s  <L) ,  
(14), (23). The r e l a t i v e l y  low bulk d e n s i t i e s  of c o a l  cause d i s t i n c t i v e  
lz responses  which are e a s i l y  recognized. 
obtained f o r  boreholes  b e f o r e  they are cased. 

Such d e n s i t y  l o g s  a re  

Logging devices  which measure l e v e l s  of n a t u r a l  r a d i o a c t i v i t y  a r e  
a l s o  used t o  record  t h e  presence of coa l  i n  a borehole .  
u ses  a Gamma-Ray count ing device  u s u a l l y  run  i n  an openhole a long w i t h  
a d e n s i t y  t o o l .  The Neutron log ,  a reasonably good i n d i c a t o r  of c o a l ,  
is a va luab le  t o o l  used t o  l o c a t e  c o a l  zones a f t e r  t h e  borehole  i s  cased.  
This becomes of major importance i f  s e v e r a l  zones are t o  b e  exposed t o  
t h e  wel lbore  f o r  gas  dra inage .  

One such log  

Determination of ho le  cond i t ions  i s  necessary  t o  many w e l l  com- 
p l e t i o n  procedures inc luding  s e l e c t i o n  of cas ing  equipment (packers ,  
c e n t r a l i z e r s ,  baske t s ,  e t c . ) ,  and cementing ope ra t ions  parameters 
( s l u r r y  volume, type  of cement r equ i r ed ,  necessary  a d d i t i v i e s ) .  This 
i s  e s p e c i a l l y  t r u e  when h o l e  cavings and l o s t  c i r c u l a t i o n  problems are 
experienced during previous d r i l l i n g  opera t ions .  
logging t o o l s  respond t o  v a r i a t i o n s  i n  borehole  d iameter ,  they do no t  
g i v e  t h e  p r e c i s e  q u a n t i t i v e  information normally r equ i r ed .  
a c a l i p e r  device  i s  usua l ly  run  i n  an openhole ho le  a long w i t h  t h e  o t h e r  
logging t o o l s .  The c a l i p e r  t o o l  c o n s i s t s  of sp r ing  loaded a r m s  which 
r i d e  along t h e  w a l l s  of t h e  ho le .  
by t h e  v a r i a t i o n s  i n  t h e  h o l e  s i z e  as t h e  t o o l  i s  r a i s e d  and recorded 
on graphs a t  t h e  su r face .  

Although most geophysical  

Therefore ,  

These s p r i n g s  are compressed, o r  extended 

There a re  s e v e r a l  o the r  types  of logging dev ices  a v a i l a b l e  which, 
a l though not  included i n  p a s t  work, may prove t o  b e  h e l p f u l  i n  f u t u r e  
p r o j e c t s .  F igure  1 2  shows some of t h e s e  l o g s  a long  wi th  t h e  more 
t r a d i t i o n a l  l ogs  and each t o o l ' s  response t o  c o a l  and a s soc ia t ed  rock types .  
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FIGURE 12. = SEVERAL TYPES OF GEOPHYSICAL LOG 
RESPONSES TO COAL AND ASSOCIATED ROCK STRATA. 
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COMP LET1 ON 

Coalbed gas dra inage  boreholes  are d r i l l e d  o r  cored through one 
o r  s e v e r a l  coalbed horizons.  An a d d i t i o n a l  length  of borehole  i s  
d r i l l e d  below t h e  lowest coalbed t o  a l low water and d e b r i s  t o  c o l l e c t  
i n  a sump below t h e  coalbed. 

Boreholes t h a t  d r a i n  gas from a s i n g l e  horizon are t y p i c a l l y  
cased and cemented from immediately above t h e  coalbed t o  t h e  su r face ,  
as shown on Figure  13. 
u s ing  one of two methods. The f i r s t  method i s  t o  d r i l l  t h e  e n t i r e  
l eng th  of borehole;  l o c a t e  t h e  coalbed using logging t o o l s ;  and then  
set cas ing  equipped wi th  an expandable packer shoe, t o  j u s t  above t h e  coalbed. 
The advantage of t h i s  type  of openhole completion i s  t h a t  i t  al lows 
t h e  c o a l  zone and t h e  sump i n t e r v a l  t o  be logged as w e l l  as t h e  rest 
of t h e  hole .  A drawback t o  t h i s  method i s  t h a t  t h e  packer used  t o  
seal-off  t h e  c o a l  zone o f t e n  f a i l s ,  exposing t h e  c o a l  t o  cement. The 
second method i s  t o  d r i l l  t o  t h e  top  of t h e  coalbed, set cas ing ,  and 
then  cement. 
i s  then cored o r  d r i l l e d  ou t .  Since i t  i s  not  poss ib l e  t o  log  t h e  
coalbed i n t e r v a l ,  t h i s  method should be used where s t r a t i g r a p h i c  c o n t r o l  
is  s u i t a b l e  t o  l o c a t e  cas ing  wi th in  a few f e e t  of t h e  top of t h e  coalbed, 
as would be t h e  case  f o r  a w e l l  p a t t e r n  o r  w e l l s  placed near  mining. 
This  method i s  simple i n  t h a t  i t  does not  r e l y  on a packer;  and it 
e f f e c t i v e l y  prevents  damage caused by cementing. An added b e n e f i t  
i s  t h a t  coa l  samples can be r e t r i e v e d  f o r  "d i r ec t  method" gas content  
t e s t i n g  (21)  and/or  determinat ion of var ious  phys ica l  and chemical 
p r o p e r t i e F o f  t h e  coalbed. 

This  "openhole" type  completion i s  accomplished 

The remaining po r t ion  of t h e  ho le  ( t h e  coalbed and sump) 

Casing may be set  through s e v e r a l  coalbeds along t h e  f u l l  depth of 
t h e  borehole .  Product ion i s  then  accomplished through openings which 
are e i t h e r  c u t  o r  shot  through t h e  cas ing  a t  each coalbed horizon. 
This  manner of completion al lows any number of s e l e c t e d  horizons t o  be 
produced simultaneously (Figure 1 4 )  . One disadvantage of t h i s  method 
i s  t h a t  c o a l s  are d i r e c t l y  exposed t o  cement and r e q u i r e  t h e  use  of 
l i g h t  weight,  low f lu id - los s  cementing materials which are r e l a t i v e l y  
expensive.  Costs  a l s o  inc rease  as extra w e l l  s e r v i c e s  may be necessary 
t o  remove t h e  cement damage. 

Experience has  shown t h a t  coalbeds d r a i n  gas most success fu l ly  
when exposed t o  t h e  wel lbore us ing  an openhole method of completion. 
type  of completion provides  t h e  maximum exposure t o  product ion of 
water and gas wi th  minimal chance of formation plugging by invasion 
of w e l l  cement. Openhole completion a l s o  provides t h e  least i n t e r f e r e n c e  
wi th  underground mining opera t ions  s i n c e  t h e r e  is no steel cas ing  
present  i n  t h e  coalbed t o  be in t e rcep ted .  A t  w e l l s  where more than  
one zone i s  produced, however, s e v e r a l  c o a l  horizons may have t o  be 
completed through t h e  cas ing .  The p r a c t i c a l i t y  of openhole completion 
a l s o  becomes l imi t ed  i f  t h e  coa l  zone t o  be produced i s  excep t iona l ly  
t h i c k  and/or  i f  i t  i s  prone t o  caving. 

This  
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FIGURE 13. - SINGLE-HORIZON (OPENHOLE) COMPLETION 
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FIGURE 14. = MULTIPLE=HORIZON (THROUGH CASING) 
COMPLETION. 
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Government research h a s  t e s t e d  two complet ion t e c h n i q u e s  used t o  
expose c o a l b e d s  through c a s i n g :  
and c u t t i n g  v e r t i c a l  s l o t s  u s i n g  j e t t i n g  equipment. 

p e r f o r a t i n g  u s i n g  shaped c h a r g e s ;  

The p e r f o r a t i n g  t e c h n i q u e  has  been used t o  produce g a s  from 
15 d i f f e r e n t  coa lbeds .  A t  l eas t  a dozen of t h e s e  coa lbeds  have been 
h y d r a u l i c a l l y  s t i m u l a t e d  w i t h  t r e a t m e n t  volumes ranging  from 5,000 g a l l o n s  
t o  o v e r  55,000 g a l l o n s .  N e v e r t h e l e s s ,  i n  a l l  cases t e s t e d ,  p r o d u c t i o n  
from p e r f o r a t e d  w e l l s  h a s  been s i g n i f i c a n t l y  lower t h a n  t h e  p r o d u c t i o n  
measured from w e l l s  which were openhole  complet ions.  

P a r t i a l  p lugging  of p e r f o r a t i o n s  i s  thought  t o  b e  a major c a u s e  f o r  
t h e  compara t ive ly  low f lows  measured a t  w e l l s  completed through c a s i n g  
i n  t h i s  manner. The materials r e s p o n s i b l e  f o r  such  f low r e s t r i c t i o n s  
may b e  s o l i d  r o c k  p a r t i c l e s  conta ined  i n  most wells (%), o r  h e a v i l y  
g e l l e d  f r a c  f l u i d s  which have f a i l e d  t o  "breakdown" a f t e r  s t i m u l a t i o n  
(23,  15). - -  

Another r e a s o n  f o r  poor p r o d u c t i o n  from p e r f o r a t e d  w e l l s  is  that  
even though several openings are c r e a t e d ,  o n l y  a few may have a d i r e c t  
connec t ion  w i t h  t h e  f r a c t u r e  induced as a r e s u l t  of w e l l  s t i m u l a t i o n .  
I n  one p a r t i c u l a r  case s t u d i e d ,  a test w e l l b o r e ' s  c o n n e c t i o n  w i t h  t h e  
induced f r a c t u r e  w a s  l i m i t e d  t o  t h e  extreme lower p o r t i o n  of t h e  coa lbed  
(3). S i n c e  water d r a i n e d  t o  lower h o r i z o n s  of t h e  coa lbed  and desorbed 
g a s  ( f r e e  g a s )  accumulated i n  t h e  upper h o r i z o n s  a g a i n s t  o v e r l y i n g  
impervious s h a l e  r o c k ,  t h e  test  w e l l  could o n l y  produce g a s  when g a s  
p r e s s u r e s  t e m p o r a r i l y  exceeded water p r e s s u r e s ,  o r  when t h e  coalbed 
became t o t a l l y  "dewatered". S i m i l a r l y ,  a w e l l b o r e  w i t h  d i r e c t  
communication t o  only  t h e  upper p o r t i o n  of t h e  coa lbed  could  n o t  b e  
expected t o  p r o v i d e  much g a s  because t h e  dewater ing  p r o c e s s  would b e  h indered .  

Jet  s l o t t i n g  i s  thought  t o  be a v i a b l e  a l t e r n a t i v e  method t o  gun 
p e r f o r a t i n g  w e l l s  through c a s i n g .  This  t e c h n i q u e  i n c o r p o r a t e s  a two t o  
f o u r  j e t  n o z z l e  s l o t t i n g  t o o l  which i s  lowered down t h e  w e l l  on small  
d iameter  h igh-pressure  t u b i n g .  S l o t s  are t h e n  c u t  by pumping sand-laden 
foam o r  water down t h e  t u b i n g  and through t h e  j e t t i n g  d e v i c e .  A s  t h e  
a b r a s i v e  m i x t u r e  i s  pumped, t h e  t u b i n g  s t r i n g  is  moved up and d o m  
c u t t i n g  a number of v e r t i c a l l y  o r i e n t e d  openings through t h e  c a s i n g .  

S i n c e  s l o t s  are c u t  v e r t i c a l l y  t o  expose t h e  e n t i r e  coalbed t h i c k -  
n e s s ,  i t  i s  v e r y  l i k e l y  t h a t  a l l  t h e  induced v e r t i c a l  f r a c t u r e s  w i l l  
have a d i r e c t  and cont inuous  c o n n e c t i o n  t o  t h e  w e l l b o r e .  The coa lbed ,  
t h e r e f o r e ,  can b e  d r a i n e d  more e f f i c i e n t l y  t h a n  could  be expected u s i n g  
p e r f o r a t i o n s .  I n  a d d i t i o n ,  a l t h o u g h  t h e  p o s s i b i l i t y  of p a r t i a l  p lugging  
of s l o t s  e x i s t s ,  i t  i s  much less l i k e l y  t h a n  w i t h  p e r f o r a t i o n s ,  because  
s l o t t i n g  creates a much l a r g e r  opening.  The area exposed by f o u r  s l o t s  
1 /4  inch  w i d e  a l o n g  a f i v e  f o o t  i n t e r v a l ,  f o r  example, i s  e q u a l  t o  about  
300 1 / 2  i n c h  d iameter  gun o r  s h o t  p e r f o r a t i o n s  o r  approximate ly  60 p e r f o r a t i o n s  
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per  f o o t .  
removes any cement ad jacen t  t o  t h e  product ion opening and l eaves  a 
c l ean ,  notched ( p e n e t r a t i o n  measured t o  be 12 t o  15 inches)  zone t h a t  
i s  h ighly  s u i t a b l e  f o r  s t imu la t ion .  

An added b e n e f i t  t o  s l o t t i n g  i s  t h a t  t h e  technique 
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GENERAL METHOD OF REMOVING AND MEASURING WATER 

The removal of water from coalbed strata is c r u c i a l  t o  any 
success fu l  borehole  d e g a s i f i c a t i o n  f i e l d  ope ra t ion ,  y e t  l i t t l e  has  been 
accomplished i n  t h e  area since 1970 when Elder  recognized a need f o r  
continuous long-term pumping (13). The pump equipment p re sc r ibed  a t  
t h a t  t i m e  and t h e  s tandard  equipment used a t  t h e  p re sen t  has  no t  
changed no t i ceab ly .  This  should no t  suggest  t h a t  t h e  borehole  water 
removal system used i n  t h e  last 10 yea r s  i s  e i t h e r  recommended o r  
even adequate ,  e s p e c i a l l y  f o r  today ' s  h igher  rate, mult izone completed 
w e l l s .  The b a s i c  downhole plunger  pump/surface rocker  a r m  system has ,  
however, proven t o  be  a r e l a t i v e l y  e f f e c t i v e ,  inexpensive,  and du rab le  
off- the-shelf  i t e m  t h a t  is h ighly  s u i t e d  f o r  most shal low,  s i n g l e  zone 
w e l l  completions.  

Water dra ined  from exposed formations c o l l e c t s  i n  t h e  borehole  
sump and i s  removed us ing  a sucker-rod pump. Water i s  then brought 
up through t h e  ho le s  via  product ion tub ing ,  normally 1% t o  2-3/8 
inches  i n  diameter .  On t h e  su r face ,  t h e  water i s  then  piped through 
a posi t ive-displacement  meter and measured. 
used t o  d r a i n  water from coalbed gas  dra inage  boreholes  was adapted 
from o i l  f i e l d  a p p l i c a t i o n s  and has  proven t o  be  e f f e c t i v e  when water 
dra inage  is  less than 200 bpd. 

The mechanical conf igu ra t ion  

A t iming mechanism is  sometimes i n s t a l l e d  wi th in  t h e  e lec t r ic  
power c i r c u i t  t o  t h e  pump motor which au tomat ica l ly  c o n t r o l s  pumping 
i n t e r v a l s .  I n  t h i s  manner, a pump may be  p r e s e t  t o  ope ra t e  during 
des igna ted  i n t e r v a l s  of each 24 hour per iod .  
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WATER PRODUCTION MONITORING PROBLEMS 

S o l i d s  i n  w a t e r l i n e s  have caused s i g n i f i c a n t  meter inaccurac ies  
and pump malfunct ions.  
of water product ion d a t a  and permanent damage t o  wellhead equipment, 
p ipes ,  and meters. Improper pumping i n t e r v a l s  have allowed water t o  
rise i n  boreholes  t o  l e v e l s  above t h e  coalbed, and reduce gas product ion;  
o r  have allowed water t o  f a l l  t o  t h e  pump horizon,  and r e s u l t e d  i n  
excess ive  wear of equipment. Such water - re la ted  problems r e s u l t  i n  
h igher  maintenance c o s t s  i n  terms of meter r e p a i r ,  r i g  t i m e ,  and number 
of manhours prescr ibed  t o  i n s u r e  proper  w e l l  opera t ion .  

Freezing temperatures  have r e s u l t e d  i n  l o s s  

S o l i d s  i n  Water l ines  

Water produced from boreholes ,  e s p e c i a l l y  dur ing  e a r l y  s t a g e s  of 
product ion,  normally con ta ins  some c o a l  o r  o t h e r  rock f i n e s .  Sca le  
r e s u l t i n g  from ox ida t ion  of cas ing  and tub ing  is  another  common s o l i d  
i n  t h e  water produced. I f  formation water conta ins  l a r g e  percentages 
of sa l ts ,  p r e c i p i t a t e s  may form i n  s u r f a c e  flow l i n e s  and inc rease  t h e  
t o t a l  s o l i d s  i n  t h e  water. 

Except f o r  very l a r g e  p a r t f c l e s ,  most s o l i d s  pass  through t h e  
water product ion and monitor ing system without  d i f f i c u l t y .  
remaining i n  t h e  system usua l ly  accumulate i n  t h e  housing chamber of 
t h e  w a t e r  meter, impair ing and eventua l ly  s topping t h e  measuring 
mechanism. A t  some w e l l s ,  however, meters repea ted ly  malfunct ion wi th in  
s e v e r a l  days a f t e r  meter i n s t a l l a t i o n .  

The s o l i d s  

Rock material sometimes becomes lodged i n  va lve  openings i n  t h e  
downhole pumping mechanism. 
t h a t  has  sloughed-off formations exposed i n  t h e  wel lbore.  Pump stoppage 
due t o  lodging of t h i s  material i s  most l i k e l y  t o  occur during t h e  
f i r s t  few days of product ion and e s p e c i a l l y  a f t e r  t h e  w e l l  has been 
s t imula ted .  

Usually t h i s  material i s  c o a l  o r  s h a l e  

Freez ing  

Wellbore water sometimes f r e e z e s  i n s i d e  s u r f a c e  l i n e s ,  r e s t r i c t i n g  
flow and causing leakage. 
i n  permanent damage t o  wellhead equipment, p ipes ,  and meters. 

Extended f r eez ing  weather condi t ions  r e s u l t  

Gas-producing c o a l s  are normally s e v e r a l  hundred f e e t  deep, and t h e  
water dra ined  i s  usua l ly  warm compared wi th  win ter  s u r f a c e  temperatures .  
I f  pumping i s  c o n t r o l l e d  by a t iming mechanism, t h e r e  are per iods  when 
no water moves through s u r f a c e  l i n e s .  
t h e s e  per iods  coo l s  r a p i d l y  and may f r eeze .  

Water remaining i n  t h e  l i n e s  dur ing  
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Improper Pumping Time I n t e r v a l  

To a c h i e v e  maximum g a s  product ion  from coalbed  g a s  w e l l s ,  borehole  
water levels must b e  k e p t  below t h e  lowes t  producing coa lbed .  This  i s  
accomplished by e i t h e r  o p e r a t i n g  the pumps c o n t i n u o u s l y ,  o r  t ime-cycl ing 
pumps t o  o p e r a t e  f o r  c e r t a i n  i n t e r v a l s  each day. 

Continuous pump o p e r a t i o n  over  extended p e r i o d s  (months) may r e s u l t  
i n  e x c e s s i v e  wear of moving p a r t s  w i t h i n  t h e  motor and t h e  pump j a c k .  
Downhole pump components may a l s o  b e  worn q u i c k l y ,  e s p e c i a l l y  when bore- 
h o l e  water h a s  been lowered t o  t h e  pump h o r i z o n  c a u s i n g  a d r y  o r  semidry 
c o n d i t i o n .  

Wells equipped w i t h  a t iming  mechanism t o  c o n t r o l  pumping t i m e  
i n t e r v a l s  should b e  a d j u s t e d  as  changes occur  i n  water f l o w  t o  t h e  
wel lbore .  A t  many w e l l  s i tes,  pumping t i m e s  are improperly set. I n  some 
cases t h e  t i m e  is  t o o  l o n g ,  caus ing  excessive pump wear. Where t h e  
t i m e  i s  t o o  s h o r t ,  t h e  f l u i d  level i s  c o n s t a n t l y  above t h e  coa lbed ,  t h u s  
l i m i t i n g  product  ion .  

Gas i n  Waterlines 

Gas p a s s i n g  through pos i t ive-d isp lacement  water meters i s  measured 
as  water and may account  f o r  s i g n i f i c a n t  e r r o r s  i n  product ion  r e c o r d s .  
Such e r r o r s  are found t o  b e  v e r y  common. A t  some wells, g a s  accounted 
f o r  up t o  75 p e r c e n t  of t h e  metered water volume. Gas e n t e r s  water f low 
l ines  i n  t h e  d i s s o l v e d  s t a t e  ( a s  minute  bubbles  of g a s  coming o u t  of 
s o l u t i o n )  o r  as f r e e  g a s  drawn d i r e c t l y  i n t o  l i n e s  by t h e  downhole pump. 

The s o l u b i l i t y  of coalbed g a s  increases d i r e c t l y  as p r e s s u r e  
i n c r e a s e s ,  and d i m i n i s h e s  as tempera ture  i n c r e a s e s .  A s  much as f o u r  
c u b i c  f e e t  of g a s  can b e  d i s s o l v e d  i n  one b a r r e l  of water 
a t  a d e p t h  of 1,000 f e e t ,  based on a h y d r o s t a t i c  p r e s s u r e  of 443 p s i g  and 
a format ion  tempera ture  of looo F ( 4 0 ) .  
reduced around a w e l l b o r e ,  some of t h e  d i s s o l v e d  g a s  comes o u t  of 
s o l u t i o n  and i s  produced through g a s  f low l i n e s ;  however, a p e r c e n t a g e  
of t h e  d i s s o l v e d  g a s  remains i n  t h e  water as i t  is pumped. This  g a s  
comes o u t  of s o l u t i o n  w h i l e  b e i n g  brought  t o  t h e  s u r f a c e  and i s  measured 
through t h e  water meter. F i e l d  tests t o  de te rmine  t h e  d e g r e e  of meter 
e r r o r  r e s u l t i n g  from such d i s s o l v e d  g a s e s  have been conducted a t  several 
w e l l s .  A t  t h e  s t a r t  of t h e  tests,  b o r e h o l e  water l e v e l s  were known t o  
b e  a t  a s t a t i c  l e v e l  w e l l  above t h e  downhole pump h o r i z o n ,  p r e v e n t i n g  
l a r g e  q u a n t i t i e s  of undisso lved  g a s  from e n t e r i n g  w a t e r l i n e s .  
meters were checked f o r  accuracy  b e f o r e  and a f t e r  t h e s e  tests.  
i n d i c a t e  t h a t  d i s s o l v e d  g a s e s  account  f o r  LO t o  23 p e r c e n t  e r r o r s  i n  
measurements of water product ion .  

( 4 2  g a l l o n s )  

A s  t h e  p r e s s u r e  g r a d i e n t  i s  

The 
R e s u l t s  
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Improper c y c l e  s e t t i n g s  o r  cont inuous  pump o p e r a t i o n s  which lower 
w a t e r  l eve l  i n  a b o r e h o l e  t o  t h e  downhole pump h o r i z o n  c a u s e  g a s  t o  b e  
drawn d i r e c t l y  i n t o  w a t e r l i n e s ,  pumped t o  t h e  s u r f a c e  and r e s u l t  i n  
l a r g e  e r r o r s  i n  metered water measurements. Tests conducted a t  w e l l s  
where f l u i d  levels  were known t o  b e  a t  o r  n e a r  t h e  b a s e  of t h e  downhole 
pump show meter r e a d i n g s  from 20 t o  75 p e r c e n t  g r e a t e r  t h a n  t h e  a c t u a l  
volume of water removed. 
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IMPROVED METHODS FOR MONITORING WATER PRODUCTION 

Gas contained i n  wa te r l ines  can be removed before  water i s  metered 
by incorpora t ing  a 30 t o  50 ga l lon  capac i ty ,  vented sepa ra t ion  tank  
i n  t h e  s u r f a c e  water f l o w  system. Such tanks  have been t e s t e d  a t  
s e v e r a l  producing w e l l s  where gas i n  wa te r l ines  had severe ly  decreased 
m e t e r  accuracy. Af t e r  t h e  tanks were i n s t a l l e d ,  meter accu rac i e s  
increased  t o  over 98 percent  i n  a l l  cases. The suggested p o s i t i o n  and 
i n s t a l l a t i o n  des ign  s u i t a b l e  f o r  u s e  a t  coalbed gas w e l l s  is  shown on 
Figure 15. 

Most l a r g e  p i eces  of s o l i d  d e b r i s  c a r r i e d  through wa te r l ines  
se t t le  i n  t h e  sepa ra t ion  tank.  The remaining s o l i d s ,  suspended i n  t h e  
flow system can be taken out  of t h e  water wi th  a d i r t -and-rus t  water 
f i l t e r  i n s t a l l e d  downstream from t h e  sepa ra t ion  tank  (Figure 15). 
The type  of f i l t e r  used a t  testwell sites i s  a s m a l l  p l a s t i c  u n i t  wi th  
a 3 / 4  inch  diameter connection and a r ep laceab le  f i l t e r  c a r t r i d g e .  

Downhole pump stoppage from lodging of l a r g e  pieces of c o a l  o r  
o t h e r  rock material can be avoided by i n s t a l l a t i o n  of sc reens  a t  t h e  
lower end of t h e  water product ion tubing (Figure 1 6 ) .  S t a i n l e s s  
steel screens i d e n t i c a l  t o  those  used i n  t h e  water-well i ndus t ry  have 
been used success fu l ly  i n  many of t h e  w e l l s  completed. 

Cycled pumping, i f  properly maintained, is  e f f e c t i v e  i n  c o n t r o l l i n g  
borehole water l e v e l s  without  causing unnecessary wear of equipment. 
Pump cyc le s  must, however, be checked f r equen t ly  and reset wi th  every 
s i g n i f i c a n t  change i n  water product ion i f  optimum b e n e f i t s  are t o  be 
r e a l i z e d .  

One system t h a t  au tomat ica l ly  c o n t r o l s  pumping i n t e r v a l s  t o  
maintain water l e v e l  below t h e  coalbed i s  being t e s t e d  a t  several w e l l  
sites. Two e l e c t r o d e  wires are fas tened  t o  t h e  water tub ing;  one 
near  t h e  bottom of t h e  ho le  i n  t h e  sump and t h e  o the r  j u s t  below t h e  
base  of t h e  coalbed. When t h e  borehole  water l e v e l  rises t o  t h e  top  
e l e c t r o d e ,  a c i r c u i t  i s  completed t h a t  a c t i v a t e s  t h e  pump j a c k  motor 
(Figure 1 6 ) .  
f l u i d  l e v e l  drops below t h e  lower e l ec t rode .  This  system e l imina te s  
t h e  f requent  need t o  monitor f i l l - u p  ra tes  and t h e  p o s s i b i l i t y  of 
drawing l a r g e  volumes of gas through wa te r l ines  because t h e  downhole 
pump i s  always submerged i n  f l u i d .  

Water cont inues  t o  be pumped from t h e  w e l l  u n t i l  t h e  

An a l t e r n a t i v e  method t o  cycled pumping involves  t h e  use  of a 
v a r i a b l e  speed c o n t r o l  on t h e  pump. 
been lowered t o  t h e  pump horizon,  pump speed is  reduced so t h e  f l u i d  
l e v e l  i s  held cons tan t .  Pe r iod ic  checks f o r  changes i n  t h e  w e l l ' s  
gas  p roduc t iv i ty  would then  i n d i c a t e  a need t o  change t h e  pumping speed. 
Af t e r  shut- in  per iods  o r  maintenance, t h e  pump i s  adjus ted  t o  f u l l  
c a p a c i t y  t o  dewater t h e  wel lbore more r ap id ly .  

Af t e r  t h e  borehole  water has 
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FIGURE 15. = SURFACE WATER-PUMPING AND MONITORING 
EQUIPMENT. 
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FIGURE 16. - SUBSURFACE WATER-PUMPING EQUIPMENT 

Upper electrode ,, i Base o f  coalbed 
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To p r e v e n t  f r e e z i n g ,  s u r f a c e  waterlines are wrapped w i t h  h e a t  t a p e  
and t h e n  covered w i t h  i n s u l a t i o n .  
l o w  t e m p e r a t u r e s  are common, w a t e r l i n e s  are b u r i e d  below t h e  f r o s t l i n e .  
I n  a d d i t i o n ,  meters, water f i l t e r s ,  and s e p a r a t o r  t a n k s  should b e  
c o n t a i n e d  i n  small, i n s u l a t e d  meter houses .  Heat lamps, i n s t a l l e d  i n  
t h e s e  houses ,  have proven t o  b e  a s imple ,  e f f e c t i v e ,  and inexpens ive  
p r e v e n t a t i v e  a g a i n s t  f r e e z i n g .  ( A l l  houses  should  b e  v e n t i l a t e d  t o  
some d e g r e e ,  e s p e c i a l l y  t h o s e  which u s e  h e a t  lamps.) 

I n  areas where severe and prolonged 
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GENERAL METHOD OF REMOVING AND MEASURING GAS 

G a s  from coa lbeds  i s  produced through t h e  a n n u l a r  s p a c e  between 
Wells are normally t h e  w a t e r  p roduct ion  t u b i n g  and b o r e h o l e  c a s i n g .  

produced under minimum back-pressure  i n  o r d e r  t o  o p t i m i z e  coa lbed  g a s  
d e s o r p t i o n  and water d r a i n a g e .  Once g a s  r e a c h e s  t h e  s u r f a c e ,  i t  is  
p iped  through a pos i t ive-d isp lacement  meter where i t  i s  measured. Three 
t y p e s  of meters have been used t o  measure coz ibed  gas  p r o d u c t i o n ,  depending 
on t h e  volumes of g a s  produced. 
on nons t imula ted  w e l l s  t h a t  produce less t h a n  10,COO c f d  a t  STP. 
A common kind of meter used t o  monitor  g a s  f l o w  from s t i m u l a t e d  w e l l s  
i s  t h e  r o t a r y  meter w i t h  a measuring c a p a c i t y  of about  84,000 c f d  a t  
STP. Four i n c h  t u r b i n e  meters are  used t o  monitor  f l o w s  of over  
84,000 c f d  a t  STP. 

Diaphragm meters are  normally used 
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GAS PRODUCTION MONITORING PROBLEMS 

Gas produced from c o a l b e d s  c o n t a i n s  water vapor  t h a t  condenses 
and c o l l e c t s  a l o n g  v a r i o u s  p o i n t s  i n  t h e  g a s  l i n e ,  i n c l u d i n g  t h e  
meter. F i e l d  s t u d i e s  i n d i c a t e  t h a t  water build-up d e c r e a s e s  meter 
accuracy  and,  i n  many cases, permanently damages working components. The 
e f f e c t s  of even small q u a n t i t i e s  of water i n  g a s  l i n e s  are most pronounced 
d u r i n g  p e r i o d s  of f r e e z i n g  weather .  Sudden p r e s s u r e  release a f t e r  w e l l s  
have been s h u t - i n  r e s u l t s  i n  temporary,  large-volume g a s  f l o w s  u s u a l l y  
g r e a t e r  t h a n  c a n  b e  a c c u r a t e l y  measured by t h e  g a s  meter. 
accumulate  w i t h i n  t h e  g a s  m e t e r  o v e r  t i m e ,  b u t  s o l i d s  build-up accelerates 
i f  e x c e s s i v e l y  h i g h  g a s  volumes are al lowed t o  f low through l i n e s .  

Rock f i n e s  

Water i n  Gas L i n e s  

AS w a r m  coa lbed  g a s  i s  cooled a t  t h e  s u r f a c e ,  some of i t s  a b i l i t y  
t o  c a r r y  m o i s t u r e  i s  l o s t ;  t h e r e f o r e ,  condensa t ion  o c c u r s .  The water 
condensa te  accumulates  a t  low p o i n t s  a l o n g  t h e  p i p e l i n e  and i n  m e t e r i n g  
d e v i c e s .  The problem o c c u r s  f r e q u e n t l y  d u r i n g  w i n t e r  months when 
d i f f e r e n c e s  between g a s  tempera ture  and s u r f a c e  t e m p e r a t u r e  are t h e  
g r e a t e s t .  

Reduct ion of g a s  f low v e l o c i t y  a l s o  c a u s e s  w a t e r  t o  s e p a r a t e  from 
g a s ;  t h i s  o c c u r s  i n  areas where p i p e  d iameter  i n c r e a s e s ,  p r o v i d i n g  
f a v o r a b l e  s i tes  f o r  l i q u i d  accumulat ion.  

F i n a l l y ,  w a t e r  i s  s t r i p p e d  from t h e  g a s  stream a t  angled  s e c t i o n s  
a long  f low l i n e s  and a t  m e t e r  l o c a t i o n s  where t h e r e  i s  t u r b u l e n t  f low 
r e s u l t i n g  from t h e  c o l l i s i o n  o r  impingement of gas  a g a i n s t  p i p e  w a l l s  
o r  meter chambers, c a u s i n g  m o i s t u r e  t o  b e  condensed from t h e  g a s .  

F r e e z i n g  

The problem of water i n  g a s  l i n e s  i s  g r e a t e r  d u r i n g  p e r i o d s  of low 
t e m p e r a t u r e  because c o n d i t i o n s  f o r  condensa t ion  are i n t e n s i f i e d .  The 
problem becomes a c u t e  when t e m p e r a t u r e s  drop below f r e e z i n g .  Even 
small  amounts of i ce  i n  gas  f low l i n e s  c a u s e  back-pressure,  and r e s u l t  
i n  a p p a r e n t  low coa lbed  gas  p r o d u c t i o n .  Formation of  ice i n  g a s  m e t e r s  
h a s  damaged many of t h e s e  i n s t r u m e n t s  s i n c e  t h e  Government f i r s t  began 
i t s  coa lbed  gas-dra inage  program s e v e r a l  y e a r s  ago. 

Sudden P r e s s u r e  Release 

Sudden, u n c o n t r o l l e d  release of gas  p r e s s u r e  h a s  been a major c a u s e  
of meter i n a c c u r a c i e s  and h a s  r e s u l t e d  i n  severe meter damage on many 
o c c a s i o n s .  
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Gas f lows from w e l l s  a re  shut-off  r o u t i n e l y  f o r  p i p e  o r  meter 
maintenance,  o r  t o  t e s t  f o r  p r e s s u r e  b u i l d u p .  b r i n g  t h e s e  p e r i o d s ,  gas  
c o n t i n u e s  t o  f low from t h e  coa lbed ,  b u i l d i n g  p r e s s u r e  i n  t h e  w e l l b o r e .  
When t h e  p r e s s u r e  i s  r e l e a s e d  q u i c k l y ,  a sudden s u r g e  of g a s ,  o r  
p r e s s u r e  wave, s t r i k e s  t h e  meter. Diaphragm meters are e s p e c i a l l y  
v u l n e r a b l e  t o  t h i s  s u r g e  and are  a lmost  always damaged. 
t u r b i n e  meters, a l t h o u g h  n o t  damaged as e a s i l y ,  have been fendered  
i n o p e r a b l e  by sudden s u r g e s  of p r e s s u r e .  

Rotary and 

Although damage t o  t h e  meter may n o t  o c c u r ,  s i g n i f i c a n t  e r r o r s  
have r e s u l t e d  from r e c o r d i n g  measured gas  volumes d u r i n g  a p e r i o d  of 
g a s  p r e s s u r e  release. When g a s  i s  moving under p r e s s u r e ,  more volume 
( a t  s t a n d a r d  tempera ture  and p r e s s u r e )  p a s s e s  through t h e  meter t h a n  i s  
a c t u a l l y  i n d i c a t e d  on t h e  meter index.  I f  t h e  n e c e s s a r y  c o r r e c t i o n  
m u l t i p l i e r s  f o r  g a s  f low under p r e s s u r e  are n o t  a p p l i e d ,  i n c o r r e c t  
volume measurements r e s u l t .  

Sudden p r e s s u r e  release h a s  occurred  a t  s e v e r a l  w e l l s  s imply because  
water w a s  allowed t o  b u i l d u p  i n  t h e  w e l l b o r e .  Normal pumping o p e r a t i o n s  
may be t e m p o r a r i l y  i n t e r r u p t e d  f o r  a number of r e a s o n s ,  such as e l ec t r i c  
power f a i l u r e ,  mechanical  m a l f u n c t i o n ,  o r  g e n e r a l  maintenance.  A s  
t h e  l i q u i d  l e v e l  rises, gas  product ion  t o  t h e  s u r f a c e  d e c r e a s e s  i n  p r o p o r t i o n  
t o  t h e  i n c r e a s i n g  h y d r a u l i c  p r e s s u r e  e x e r t e d  on t h e  coa lbed .  F i e l d  
s t u d i e s  s u g g e s t ,  however, t h a t  g a s  c o n t i n u e s  t o  accumulate  c l o s e  t o  
t h e  w e l l b o r e ,  b u i l d i n g  p r e s s u r e s  similar t o  t h o s e  e x e r t e d  by t h e  i n c r e a s i n g  
h y d r a u l i c  head. Once pumping is  resumed and t h e  b o r e h o l e  water level  is  
lowered, a d i s e q u i l i b r i u m  is  c r e a t e d  i n  which gas  p r e s s u r e  i n  t h e  coalbed 
exceeds h y d r a u l i c  head. A s  a r e s u l t ,  sometimes v i o l e n t  e r u p t i o n s  of 
water and g a s  occur  a t  t h e  s u r f a c e  as l a r g e  volumes of expanding gas  
t rave l  up t h e  w e l l b o r e  t o  r e e s t a b l i s h  a p r e s s u r e  e q u i l i b r i u m .  Sudden 
g a s  p r e s s u r e  r e l e a s e  of t h i s  n a t u r e  i s  r e f e r r e d  t o  as "unloading."  

S o l i d s  i n  Gas Lines  

P a r t i c l e s  of rock  o r  o t h e r  s o l i d  material  accumulate  i n  most g a s  
meters over  extended p e r i o d s  of t i m e  under normal f lowing c o n d i t i o n s .  
I f  l e f t  unchecked, s o l i d s  c a u s e  m a l f u n c t i o n s  i n  a l l  t y p e s  of meters. 
F i e l d  e x p e r i e n c e  i n d i c a t e s  t h a t  r o t a r y  meters a re  t h e  most s u s c e p t i b l e  
t o  mal func t ion  caused by s o l i d s  because  of t h e  c l o s e  t o l e r a n c e  between 
components of t h e  r o t a t i n g  c a r t r i d g e .  Ciaphragm meters u s u a l l y  do 
n o t  s t o p  f u n c t i o n i n g  w i t h  small amounts of s o l i d s  b u i l d u p ,  b u t  meter 
accuracy  d i m i n i s h e s  as p o r t i o n s  of t h e  meter's measuring r e s e r v o i r  i s  
f i l l e d  w i t h  s o l i d s .  
t h a n  one m i l l i m e t e r  i n  d iameter )  material  t o  p a s s  through i n n e r  mechanisms. 

Turbine meters w i l l  normally a l l o w  v e r y  s m a l l  ( l e s s  

Larger  s o l i d s  a re  normally c a r r i e d  through gas  l i n e s  when w e l l  
p r e s s u r e  i s  suddenly r e l e a s e d ,  e s p e c i a l l y  when unloading o c c u r s .  Such 
s o l i d s  a lmost  i n v a r i a b l y  c l o g  and u s u a l l y  damage i n n e r  meter components. 
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IMPROVED METHODS FOR MONITORING GAS PRODUCTION 

Commercially a v a i l a b l e  f i l t e r s  have been designed t o  remove f i n e  
s o l i d  p a r t i c l e s  w i t h  v e r y  l i t t l e  p r e s s u r e  drop (0.5 p s i g  o r  l e s s ) ,  
which makes them s u i t a b l e  f o r  u s e  on coa lbed  g a s  w e l l s .  F i b e r g l a s s  
i s  normally t h e  f i l t e r i n g  element  used.  A t  one test w e l l  equipped 
w i t h  such  a f i l t e r ,  t h e  g a s  meter o p e r a t e d  f o r  o v e r  one y e a r  w i t h o u t  
m a l f u n c t i o n i n g  o r  l o s i n g  accuracy.  Suggested i n - l i n e  placement of 
g a s  f i l t e r s  i s  i n d i c a t e d  i n  F i g u r e  1 7 .  

The m o i s t u r e  c o n t e n t  of coalbed g a s  h a s  t o  be s u f f i c i e n t l y  l o w  
t o  a s s u r e  a c c u r a t e  measurement of g a s  flow. I n  a d d i t i o n ,  coa lbed  g a s  
s o l d  commercially must meet requi rements  s p e c i f i c a l l y  noted  i n  p u r c h a s e  
agreements  which normally l i m i t  t h e  water c o n t e n t  t o  approximate ly  
seven  pounds of water p e r  m i l l i o n  c u b i c  f e e t  of g a s  measured a t  
s t a n d a r d  t e m p e r a t u r e  and p r e s s u r e .  During c o l d  weather  p e r i o d s ,  t es t  
w e l l s  ( r a n g i n g  from 1,053 t o  1 ,076  f e e t  deep) have been found t o  c o n t a i n  
from 31 t o  103 pounds of water p e r  m i l l i o n  c u b i c  f e e t  of gas  produced. A/ 

Although g a s  l i n e  water condensa te  bui ldup  h a s  been a c h r o n i c  
problem a t  many ve r t i ca l  t e s t  w e l l s ,  exper imenta t ion  w i t h  water-gas  
s e p a r a t i o n  d e v i c e s  h a s  been l i m i t e d  because  t h e  g a s  produced has  n o t  
been s o l d .  

The b a s i c  means used t o  remove m o i s t u r e  from coalbed gas  l i n e s  
are c o o l i n g ,  a b s o r p t i o n ,  and impingement (33). Devices used t o  remove 
l i q u i d  i m p u r i t i e s  are d r i p s  and s e p a r a t o r s .  

The b a s i c  f u n c t i o n  of a d r i p  i s  t o  remove l i q u i d  from t h e  g a s  
stream o r  l i q u i d  t h a t  h a s  accumulated w i t h i n  t h e  p i p e l i n e .  A d r i p  
c a t c h e s  l i q u i d  i n  a g a s  stream by reducing  t h e  v e l o c i t y  of t h e  g a s  
stream which c a u s e s  t h e  l i q u i d  t o  drop o u t .  
a t  low p o i n t s  w i t h i n  t h e  p i p e l i n e  i s  removed by u s e  of a d r i p  equipped 
w i t h  a d r a i n  which o p e r a t e s  a u t o m a t i c a l l y  o r  manually.  

L i q u i d  t h a t  h a s  accumulated 

The pr imary f u n c t i o n  of a s e p a r a t o r  is  t o  remove e n t r a i n e d  f l u i d s  
from t h e  g a s  stream. B a f f l e s ,  d e f l e c t o r s ,  t u b e s ,  rare e lements ,  and 
g r a v i t y  s e p a r a t i o n  chambers are some of t h e  mechanisms used w i t h i n  a 
s e p a r a t o r  d e v i c e  t o  remove m o i s t u r e .  There are  s e v e r a l  commercially 
des igned  s e p a r a t o r s  t h a t  meet requi rements  f o r  a s i n g l e  w e l l  f o r  
s e v e r a l  w e l l s  i n  t h e  same p i p e l i n e  system. 

Meter inaccuracy  and p o s s i b l e  meter damage caused by sudden p r e s s u r e  
release can b e  avoided by a l l o w i n g  g a s  p r e s s u r e  t o  b leed  o f f  g r a d u a l l y  
w h i l e  m a i n t a i n i n g  f low p r e s s u r e s  w i t h i n  t h e  g iven  meter range.  
t h i s ,  a p r e s s u r e  gage i s  i n s t a l l e d  i n  t h e  g a s  f low l i n e  n e a r  t h e  meter. 
Flow p r e s s u r e s  are p e r i o d i c a l l y  recorded  and are  t h e n  p u t  i n t o  a s t a n d a r d  
e q u a t i o n  t o  c a l c u l a t e  a c t u a l  f low. 

TO do 

- 4 /  Based on volumes of condensa te  accumulated i n  a f l a r e  s t a c k  s i m i l a r  
t o  t h a t  shown on F i g u r e  1 7 .  
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FIGURE 17. - GAS PRODUCTION AND MONITORING EQUIPMENT 

Pump jack 

Va Ive 
\ 

‘Drip 



Sudden p r e s s u r e  releases t h a t  r e s u l t  i n  un loading  can b e  avoided 
i f  a few p r e c a u t i o n a r y  s t e p s  a re  t a k e n ,  These i n c l u d e  r e s t r i c t i n g  g a s  
f low i n  o r d e r  t o  b u i l d  up p r e s s u r e  i n  t h e  w e l l b o r e  and t h e n  o p e r a t i n g  
t h e  pump under  back-pressure  c o n d i t i o n s .  This  c a u s e s  t h e  b o r e h o l e  
water l e v e l  t o  f a l l  l e a v i n g  less  water a v a i l a b l e  t o  b e  unloaded.  
a l s o  reduces  t h e  p r e s s u r e  d i f f e r e n t i a l  between t h e  coa lbed  and t h e  wel lhead 
t h e r e b y  cushioning  t h e  e f f e c t s  of un loading .  
f i e l d  t e s t e d  on s e v e r a l  o c c a s i o n s  and have proved t o  b e  v e r y  e f f e c t i v e .  

This  

These methods have been 

Ice format ion  i n  g a s  l i n e s  n e a r  t h e  wel lhead i s  prevented  by 
p r o p e r l y  i n s u l a t i n g  and h e a t i n g  meters and o t h e r  p o i n t s  f a v o r a b l e  t o  
water accumula t ions  ( F i g u r e  1 7 ) .  The number of r o u t i n e  f i e l d  i n s p e c t i o n s  
of w e l l s  should  be i n c r e a s e d  d u r i n g  e s p e c i a l l y  co ld  p e r i o d s  t o  a s s u r e  
minimum condensa te  b u i l d u p .  A t  t h e  test w e l l s  examined, g a s  l i n e s  t h a t  
had been wrapped w i t h  e l ec t r i c  h e a t  t a p e  and covered w i t h  f i b e r g l a s s  
i n s u l a t i o n  were r a r e l y  found t o  c o n t a i n  s u f f i c i e n t  amounts of i c e  t o  
c a u s e  s i g n i f i c a n t  back-pressure.  I n  a d d i t i o n ,  w e l l  s i tes  equipped 
w i t h  i n s u l a t e d  meter houses  c o n t a i n i n g  h e a t  lamps y i e l d e d  a c c u r a t e ,  
u n i n t e r r u p t e d  p r o d u c t i o n  i n f o r m a t i o n ,  even d u r i n g  prolonged f r e e z i n g  
weather .  
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THE COMPOSITION OF GAS AND WATER PRODUCED 
FROM VERTICAL BOREHOLES 

Gas samples c o l l e c t e d  from 34 v e r t i c a l  b o r e h o l e s  were ana lyzed  
u s i n g  gas  chromatography. Table  1 p r e s e n t s  t h e  resul ts  of t h e s e  a n a l y s e s  
and i d e n t i f i e s  t h e  c o a l b e d s  and w e l l  s i t e  l o c a t i o n s  where gas  w a s  sampled. 
Methane averaged approximate ly  96 p e r c e n t  w h i l e  h i g h e r  hydrocarbons,  
such  as e t h a n e  and above, averaged 0.08 p e r c e n t  of t h e  g a s  sampled. 
Hydrogen, hel ium, carbon monoxide, s u l f u r  d i o x i d e  and o t h e r  g a s e s  
normally p r e s e n t  i n  c o n v e n t i o n a l  n a t u r a l  gas  are only  r a r e l y  
found i n  coa lbeds  and ,  t h e r e f o r e ,  n o t  r e p o r t e d  on Table  1. The p e r c e n t a g e  
of n i t r o g e n  inc luded  i n  coalbed g a s  i s  c o n s i d e r e d  t o  b e  g e n e r a l l y  lower 
t h a n  t h e  amounts p r e s e n t e d  on Table  1 and any v a l u e  over  2 p e r c e n t  i s  
probably remnant gas  from foam s t i m u l a t i o n .  The p e r c e n t a g e  of carbon 
d i o x i d e  c o n t a i n e d  i n  c o a l  g a s  a p p e a r s  t o  v a r y  c o n s i d e r a b l y  between d i f f e r e n t  
coa lbeds  and even w i t h i n  t h e  same coalbed .  P i t t s b u r g h  coa lbed  g a s  
i n  Greene County, PA, f o r  example, h a s  a carbon d i o x i d e  c o n t e n t  r a n g i n g  
from 3 t o  over  6 p e r c e n t .  On t h e  o t h e r  hand, Yary Lee coalbed g a s  
i n  J e f f e r s o n  County, AL, a lmost  always c o n t a i n s  less t h a n  0.05 p e r c e n t  
carbon d i o x i d e .  

The h e a t  of combustion of coa lbed  g a s  s imilar  i n  composi t ion t o  
t h e s e  r e p o r t e d  on Table  1 i s  comparable t o  t h e  h e a t  of combustion of 
n a t u r a l  g a s ,  d i s p l a y i n g  g r o s s  h e a t  v a l u e s  of 900 t o  1,100 BTU/ft3. 

Water samples from b o r e h o l e s  l o c a t e d  i n  s e v e r a l  areas were a l s o  
ana lyzed  and t h e  r e s u l t s  of t h e s e  tests are g iven  i n  Table  No. 2 .  A s  is  
i l l u s t r a t e d ,  r e l a t i v e  amounts of s p e c i f i c  components v a r y  c o n s i d e r a b l y  
between t h e  c o a l b e d s  t e s t e d .  

- 4 6  - 



Conlhed 
ID No. 

Lo c n t i o n  
County,  S t a t e  

Faye t t e  , 
W. Va. 

do 

Carbon,  
U t .  

43 I do  

\ J e l l  D e p t h  t o  Date % % % z % Date I‘rnc 
IFame Coalhed f t .  S t i m u l a t e d  Sampled Type** C 0 2  o 2  + A r  N 2  CIl4 C 2 H 6  

203-A 9 85 6 / 2 4 / 7 4  1 2 / 1 4 / 7 6  G 0.01 0 .17  0.88 98 .95  0 . 0 0 3  

LK-6 656 9 / 1 4 / 7 6  1 2 / 1 4 / 7 6  do 0 . 0 3  0 .06  2.56 97.2 0 . 1 5  

3sw 1 , 0 1 7  do 0.0 0.0 0 . 4 1  99 .0  0 . 4  

36 I do 

L e  F l a r e ,  
Ok. 

47 1 do 

5c 553 3 /16 /74  3 / 1 3 / 7 4  do 0 .13  0.11 0.38 9 9 . 3  0 , 0 2 4  

Dickenson,  
Va . 
S c h u y l k i l l ,  
P a .  

J e f  P e r s o n  
Ala. 

do 

do 

d o  

do 

DG-1A 425 7 / 2 9 / 7 8  i i i i 1 7 a  F 1 . 2 6  0 .96  4.44 9 4 . 1  0 . 1 3  

P a r k e r  2 ,042  7 / 1 4 / 7 6  ----- do b; D 0 .29  2 .7  9 7 . 0  0 .02  
li 2 

3sw 1 , 0 7 6  2/28!73 1 2 / 1 2 / 7 5  d o  0 .032  0 .22  3 . 1  96 .5  0 . 0 3 8  

TIJ-1 1 ,113 1 1 / 2 3 / 7 5  9 /13 /77  d o  0 . 0 3  0 . 0 3  1 . 9  9 5 . 0 5  0 . 0 0 7  

0 .13  0.31 99 .05  0 . 0 0 7  TIJ-2 1 , 0 9 3  10124176 1 2 / 8 / 7 6  do  0 . 0 2  

- __ 

- 

- 

.. 
- 

7 / 2 6 / 7 7  9 / 1 3 / 7 7  CO,/G 3.05 0 .05  2 . 9  94 .0  

TW -4 1 , 0 6 5  7 / 1 3 / 7 7  do r 0 .02  0 .05  1 . 0  99 .0  0 . 0 0 7  

do 

d o  1 22 I 1 , 0 9 6  I 7 / 1 9 / 7 7  110/16/77 I d o  1 0 . 0 6  1 0 . 0 5  I 4 . 4 1  1 9 5 . 4 5  1 0 . 0 0 5  1 

0.01  0 . 0 6  2 . 1  9 7 . 8  0 . 0 0 3  8 1 , 0 7 1  1 0 / 1 4 / 7 7  9 / 2 7 / 7 8  do 

do 11’15-3 I 1 , 0 6 4  I 7 / 3 1 / 7 7  I 7 / 1 8 / 7 7  do I 0 . 0 3  1 0 . 0 6  I 1 . 6  1 9 8 . 3  I 0 . 0 0 4  I 

*l!ell I D  Nos. c o r r e s p o n d  t o  wells i d e n t i f i e d  i n  T a b l e s  2 and 3. 
* * G - G e l  F r a c ,  F - N 2  Foam F r a c ,  C02/C-C02 Gel F r a c ,  W-Water F r a c  



TADLE NO. 1 - ANALYSES OF GAS PRODUCED FROi.1 VERTICAL BOREHOLES (Cont ’d)  

Dcptli t o  
Coalbed f t .  

Date  1)n t c 
S t i m u l a t e d  Sampled 

I r n c  x 
Type** C02 

I. % x 
O2 -+ Ar N 2  CH4 ‘2”6 

0.007 

1 . 1 6  

0 .04  2 .2  97.7 0 .003  

0.48 2.19 9 4 . 7  .-I ----- 1 1: 

. 

t l i d d l e  1 A l l e g h e n y ,  1 
K i  t t a n n i n g  

P i t t s b u r g h  Washington,  

__ Pa.  

0.04 0.29 9 4 . 1  0 .45  

---- do 0 . 6  9 4 . 8  ---- ---- 

Conlhed L o c a t i o n  Ide l l  
Name County,  S t a t e  Name 

I I 

1,010 I 1 0 / 1 8 / 7 7  I 9 / 2 7 / 7 8  21 
d o  I 0.01 0 .05  1 . 9  98 .0  0 .002  

1 , 0 6 5  1 1 0 / 2 0 / 7 7  I do 

1.072 1 0 / 2 1 /  7 7  271 78 
- _ _ _ - - ~  - 

1 , 0 5 3  I 10127177 I 1 / 2 3 / 7 3  

1 , 0 5 4  I 1 1 / 2 / 7 7  I do do I 0.01 1 0 .22  1 3.14 I 96 .63  I 0 .005  I 
1 , 0 8 6  I 1 1 / 3 / 7 7  I d o  d o  I 0.02 1 0 .45  I 4.52 1 95 .01  I d o  1 
1 , 0 9 7  I 1 1 / 3 / 7 7  I 1 1 / 3 0 / 7 8  do I 0.04 I 0 . 2 3  I 3.94 1 95.79 I 0.004 1 
1 , 0 7 2  I 8 / 1 0 / 7 7  I 9 / 2 7 / 7 8  

808 I 1 / 2 1 / 7 5  I 4 / 2 1 / 7 5  

do 1 0.6 I 0 .2  I 0 . 9  I 98.2 1 0.08 1 
I 3sw 388 I 2 /28 /74  I 1 1 / 5 / 7 3  1 0 .2  I 0 . 5  I 0.8 I 98.4 1 0 .07  { 

6 .45  0 .06  0 .65  9 2 . 5  0 . 3 3  I 2 1  I P i t t s b u r g h  I Greenc ,  Pa. I EN-6 5C2 I 4 / 1 5 / 7 6  I 3 / 2 8 / 7 7  

0 .55  I 0 .67  I 92 .5  1 3 :::S I 0 . 0 5  I 0 . 2 7  I do 1 6 / 1 / 7 6  

9 / 1 / 7 6  I 27T I do I - d o  I Ell-5 do I 5 . 0 1  I 0 . 6 3  1 1.20 1 9 2 . 8 6 0 . 3 d  

9 / 8 1  76 

9 / 1 5 /  76 

5 / 5 / 7 7  

28 do do Ell- 7 

30 do do  Ell-8 

39 do do  CNG- 
1934. - 

* I D  Nos. c o r r e s p o n d  t o  we l l s  i d e n t i f i e d  i n  T a b l e s  2 and  3,  
* * G G e l  F r a c ,  F - N2 Foam F r a c ,  C02/G-C02 Gel F r a c ,  W-Water F r a c  



TADLE NO. 2 - ANALYSES OF CIATER PRODUCED FROFI VERTICAL BOREIIOLES 

d o  LR-3 1 , 1 9 3  

C a r b o n ,  3SW 1 , 0 1 7  

do 8 1 , 0 7 1  

~ ~ ~~ 

1 n o r e l l o l e  u c p t l i  
L o r a t i o n  Dcsigna- t o  Coal-  

C o u n t y ,  S t a t e  I t i c n  / b e d ,  f t .  

A l k a l i n i t y  
as CaC03 

PPm 

Sod 1 urn 
a s  SO P o t a s s i u m  a s  Na 

18 2 . 5  --- 

Date 
Sampled 

C o a l h c d  
Name 

B e c k l e y  Faye t t e ,  42 5 / 4 / 7 6  7 420 1 , 2 4 1  3 5  1 . 2 5  (1 

1 , 1 0 3  20 1.34 <1 d o  5 / 4 / 7 6  7 650 

20 7 -31Y 2 , 6 3 8  

5 / 4 / 7 6  

4 / 2 8 / 7 4  

590 

4 2 3  
- 

d o  

C a s t l e g a t e  
: ;o .  3 

. _.__ 

2 , 7 9 6  9 . 2 1  
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8 . 3  

- 
7 

11 )"" 
--- 8 , 1 0 0  

1 , 3 2 5  1 9 Ha r t s l i o r n e  Le F l o r e ,  I 5C 1 5 5 3  982 

--- 

2 , 3 7 2  

6 1  

- 
2 3  

I IIC-lA I 4 2 5  
D i c k c n s o n ,  
\'a. 

8 / 2 3 / 7 8  J a v b o n e  

:IJrmotll  

Mary Lee  

7 . 3  344 1 , 9 2 3  1 4 1  1 1 2  1 33 
-- 1 I 759  

574 I S c i i u y l k i l l ,  

Jefferson, 1 , 0 7 6  
Ala. 

1 0 / 1 3 / 7 3  3.35 355 1 , 4 2 8  112 .5  
700 I 2 

i 
1 / 1 5 / 7 6  7 .9  1 , 1 2 0  -~ 

770 

4 50 

460  

4 5 0  

36 7 

- 

- 
-. 

___ 

1 9  

4 !4 
__ I --- do 

do d o  1 9  I 1,082 1 0 1  1 6 1  7 7 7 .4  

9 . 0  
- 1 , 5 3 3  1 , 9 7 2  I :: 1 225 1 0 . 4  

1 . 1 1 8  0 . 3  42 do  1 ;'-4 1 1 , 0 6 5  

d o  1 . 0 9 6  

1 O / l 7 /  7 7  400  do 

do 1 0 / 1 6 / 7 7  8.6 700 4 3  

36 
- 

d o  I TW-3 I 1 , 0 7 4  1 / 1 2 / 7 7  

7 / 4 / 7 8  
_-- 3.6 

8 .4  
__ do 810 

667 4 9  d o  

7 / 4 / 7 8  8.4 660  1 , 1 2 1  I 1 2  I 4 1 0 . 4  fl r:: 
115 1 0 ,  u00 

-- 
8 0 0  -- 

480 I 50  

5 1  

16  

~ 

__ do __-__ 
f l i d d l c  
Kit t . in n i n g  

3.6 719 

5 

__ 
3.05 

415  

7 P i t  t s b u r g l i  876 3 , 1 0 6  0 . 0 5  2 , 2 0 0  

2 , 3 5 6  7.45 1 , 8 2 5  4 , 8 2 5  1 1 5 9  1 1 3 2  1 0.5 1 5  

.- 

d o  

*:!ell I D  Nos. c o r r e s p o n d  t o  w e l l s  i d e n t i f i e d  i n  T a b l e s  1 a n d  3.  
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I N T R O D U C T I O N  TO WELL STIMULATION 

In t roduced  i n  1948 ( 1 9 ) ,  h y d r a u l i c  s t i m u l a t i o n  has  become a 
common t e c h n i q u e  used t o  increase w e l l  p r o d u c t i v i t y  when n a t u r a l  
f low from t h e  w e l l  i s  u n s a t i s f a c t o r y .  
t h e  o i l  and g a s  i n d u s t r y ,  Government r e s e a r c h  began d e s i g n i n g  s t i m u l a t i o n  
t r e a t m e n t s  f o r  c o a l  g a s  d r a i n a g e  about  1969. S i n c e  t h e n ,  o v e r  60 
t r e a t m e n t s  have been a p p l i e d  t o  coa lbeds  i n  s e v e r a l  areas of t h e  
United S t a t e s ,  e s p e c i a l l y  t o  t h e  deep mineable  c o a l s  i n  the E a s t .  

Based on methods developed by 

The b a s i c  mechanics of s t i m u l a t i o n  are q u i t e  s imple .  Hydraul ic  
p r e s s u r e  i s  g e n e r a t e d  a t  t h e  s u r f a c e  by pumping f l u i d .  T h i s  p r e s s u r e  
i s  t r a n s m i t t e d  t o  a s e l e c t e d  r o c k  s t r a t a  (coa lbed)  t o  c a u s e  a f r a c t u r e  
o r  a widening of an  e x i s t i n g  f r a c t u r e  w i t h i n  t h a t  s t ra ta .  A f t e r  t h i s  
i n i t i a l  f r a c t u r i n g  o c c u r s ,  i t  i s  extended i n t o  t h e  c o a l  s t r a t a  by 
cont inued  i n j e c t i o n  of f l u i d .  A t  some p r e - e s t a b l i s h e d  t i m e  d u r i n g  t h e  
t r e a t m e n t ,  s i z e d  p a r t i c l e s ,  such as s i e v e d  sand,  are normally added 
t o  t h e  f l u i d .  
f r a c t u r e  open a f t e r  t h e  h y d r a u l i c  p r e s s u r e  i s  r e l e a s e d .  The i n t e n t  
of s t i m u l a t i o n  i s  t o  create h i g h l y  c o n d u c t i v e  pathways from t h e  w e l l b o r e  
t o  s e v e r a l  hundred f e e t  w i t h i n  t h e  coa lbed .  
t o  t h e  w e l l b o r e  i s  t h u s  expanded and g a s  and water f low rates i n c r e a s e  
a c c o r d i n g l y  . 

These p a r t i c l e s  s e r v e  as a propping a g e n t  t o  hold  t h e  

The area of d r a i n a g e  

Government r e s e a r c h e r s  have g e n e r a l l y  c a t e g o r i z e d  s t i m u l a t i o n  
t r e a t m e n t s  a c c o r d i n g  t o  t h e  t y p e  of f l u i d  used t o  t r a n s m i t  t h e  h y d r a u l i c  
p r e s s u r e  from t h e  s u r f a c e  t o  t h e  c o a l  zone. Water, g e l l e d  water, and 
foam are t h e  major  t y p e s  of  t r e a t m e n t s  t e s t e d  t h u s  f a r ,  each  t y p e  
having  demonstrated d i s t i n c t  advantages  as w e l l  as s p e c i f i c  l i m i t a t i o n s .  
Table  3 summarizes t h e  Government’s r e s e a r c h  e x p e r i e n c e  w i t h  s t i m u l a t i o n  
and, i n  many i n s t a n c e s ,  shows t h e  gas  d r a i n a g e  rates achieved from t h i s  
e x p e r i m e n t a l  work. 
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Table 3 - Summary of Government-sponsored Coalbed Stimulation Treatments 
Conducted from July, 1970 to December, 1979 

do do do do  21,150 20 t n  LO 9.090 E*Stl-"l.ILo" 
in,nno 

( 0 .  35Y 810 5 . '3 do 1S.000 20 t o  LO I.9UO 1.9IO 11.1 11.000 
$.on0 

10. Gin1 911 <I0 do 25.000 20 t o  L O  1.600 2,100 10.1 1.000 21.000 
io .oon 

- _- 
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TABLE 3 - Summary of Government-sponsored Coalbed Sthillation Treatments 
Conducted from July, 1970 to December, 1979 (cont'd) 

S < h u y l k l l l  P a r k e r  NO. 1 1.867 12.0 roam 10,000 10 LO 40 I 1.R00 11 S r p t r m h r r  24. 1916 Holncr 
Pa. s.100 , 

11 n c t n b r r  15. 1976 Prlmrese do do 1.156 11.0 do 10.100 20 to LO 2.900 
0.000 

I 

11 October 1 4 ,  1916 Mary Lee JeIftr8on NO. TU-2 1,093 5.0 CEL 3.500 10 10 30 not 
A I I .  3.ooo observed 

I lo t o  4 0  
I 1.000 - 

I L  U c t o h e t  1 7 .  1976 Orchard S r h u y l k l l l  Parker tio. 2 1.S85 10.0 F0.n 8,100 10 10 L O  3,100 

15 hrvemher 11,  1 9 1 6  Dlamnand do do 1.311 6 .0  do 10.100 20 t o  P O  4.300 

?.. 3,000 

3,000 

IS *.oicmhtr 21, 1916  M a r y  LIC J r f f r r m n  No. TY-3 1,071 5.0 do 20.600 l:5:;oi0 ROO 
h l . .  - 

11 ' ? n v ? m $ e r  2 1 .  1916 reach S c h u y l k l l l  Parker  No. 2 806 1 . 0  do 9.600 10 t o  L O  1.600 
H r u n t a l "  P1. 3.00@ 

1% ~ . - v p + c v  in. i q i c  iunnri do do 602 10.0 do 10.100 10 t o  L O  2.503 
3.000 

P l i i i b u r i h  Crrrne NO. CIIG-1011 753 7.0 do 21,800 10 t o  10 800 
Pa. 1,500 

10 t"  LO 
19.000 

I 

Lll ".I" 1 L .  1911 do do No. EH- I1 111 b.0 Klel* S4.600 20 t o  40 nor 

L I  June 30. 1911 do do NO. CNC-1015 614 6.0 FO.. 11,000 10 t o  40 SO0 

i n , o o o  observed - 
1i.onn 

700 July 18,  1911 v a r y  Lee  Jrffrrson NO. 1y-4 1.065 1.0 do 20 1.3 40 12,200 
' 

h l a .  1 ,500 

q J u l 7  19,  1911  41,600 
do d o  No. 21 1.096 6.0 do 49.100 10 t o  40 800 

I I I I I I 

do do No. 9 1,082 4.6 CEI.-COl Sb.400 10 t o  40 " " C  
1S.500 obacrrclf 

L 1  J u l y  1 6 .  1 9 7 7  

2 ' L o o  I v.O I do 

do I d o  I I do I do 



I 

bl 
bl 

I 

I October 11. 1917 

Ortnbrr 2 1 .  I 9 1 1  + 
October 2 1 .  1911 

do 

TABLE 3 - Summary of Government-sponsored Coalbed Stimulation Treatments 
Conducted from July, 1970 to December, 1979 (cont'd) 

Locatlo". Coolbrd 

S t a t e  and/or  No. Coalbed. It. I t .  
Cowry, Y r l l  Name Depth to Thlckncs*, 

I I 1 

do 110. 1 1.011 1.6 

do No. 6 1.114 4 . 7  

do 110. L 1.015 5.1 

d o  I 11". 8 I 1,011 I 1.8 

1.010 

Go. 11 1.065 

PO. I1 1.012 5 . 1  

1.077 1 .9  

I I I 
do 110. 11. 1,013 I 5.1 

do No. 15 1.05& 5.2 

do No. 15 1.086 5.7 

do NO. 2 1  1.097 4.9 

do No. 18 1.011 b.4 

do I No. J 1 1.099 I 4.9 

do I NO. I 6  I 1.015 I 5 . 1  

37.000 

50,100 10 to 10 122,000 
45.100 

do do do 1,000 53.000 

I I I I 1 

do 46.WO 900 1.100 do do 49,100 20 t o  10 
4 1  500 

94,000 

do 73,000 

do 48,100 20 t o  co 
43.100 

do do 20 t o  LO 
41.500 

do 50,100 20 t o  10 do do 11.000 

do 51.200 20 t o  LO 100.000 

4>.noo 

15.200 
I I I I I 

do 55.300 20 to 10 do 1,100 do do 31.000 
41.500 

b7,OOO 20 I D  LO do 172.000 do 3' 40.100 

12.300 W l l .  
do 31.800 10 I D  10 do 1,250 do do 91.000 Trr .rwnr terminated. c a m u n l ~ . t l o n  r l t h  ad)srrn~ 



61 Jiily 1 9 ,  1918 

62 Crtaher  10. 1918 

b l  O;tobrr 11. 1 9 1 8  

b L  h-cc-hec 16. 1 9 1 8  

6 1  my 24. 1979 

I A ~ I R u ~ ~  10, I919 

Srplcmhcr  1 1 .  1979 

mfobct  26, 1919 

TABLE 3 - Summary o f  Government-sponsored Coalbed S t i m u l a t i o n  Treatments  
CoAducted from Ju ly  1970 t o  December, 1 9 7 9  ( c o n t ' d )  

S r \ c n  Y r i t r n o c t l ~ n d  UEC F F E  N 0 . C  190 - 651 1 . 1  
C u ? l h r J 1  P A  

F l v e  Urrtnorel.nd U E C  FFI Ho.6 191 - 419 19.S 
Callbeds P A  

L c y  Lce Jellerron AL No. l W - S  1.lLS s.s 

r l c l r b u r & l .  c i e r n e  r A  En-20 700 6.0 

Jabbone  I D l c k r n s o n  Y A  I No. DC-C I I 1 0  1 S.0  

*Reference  t o  s p e c i f i c  t r a d e  names do no t  imply endorsement. by t h e  United States Government. 



ROCK PROPERTIES AFFECTING STIMULATION 

Na tu ra l  F rac tu re  System 

F r a c t u r e s ,  n a t u r a l l y  p re sen t  i n  coalbeds and a s soc ia t ed  rock 
strata,  have an important a f f e c t  on t h e  s t imu la t ion  process .  The most 
prominent n a t u r a l  f r a c t u r e s  i n  coalbeds are o r i en ted  perpendicular  
t o  coalbed bedding p l anes  and are  r e f e r r e d  as  "cleat" (28). Other 
f r a c t u r e s  p re sen t  i n  c o a l  are inc l ined  t o  bedding p lanes  and are 
c a l l e d  "shear1' f r a c t u r e s ,  implying some movement has  taken  p lace .  
During s t i m u l a t i o n ,  t rea tment  f l u i d s  t y p i c a l l y  propagate  p a r t i n g s  
a long  one o r  two d i r e c t i o n s ,  c u t t i n g  a c r o s s  many of t h e s e  p r e e x i s t i n g  
f r a c t u r e s .  A s  t h e s e  f r a c t u r e s  are crossed ,  p o r t i o n s  of t h e  l i q u i d  
contained i n  t h e  main propagat ing t reatment  body " leak  o f f "  i n t o  
t h e s e  minute openings,  l eav ing  less l i q u i d  t o  c a r r y  t h e  s o l i d  propping 
agent .  

There i s  s u b s t a n t i a l  evidence t o  i n d i c a t e  t h a t  t h e  v e r t i c a l  p a r t i n g s  
c rea t ed  during s t i m u l a t i o n  propagate  i n  d i r e c t i o n s  n e a r l y  p a r a l l e l  
t o  dominant p r e e x i s t i n g  coalbed c l e a t  and roof rock j o i n t  d i r e c t i o n s  (23) 
(26). T r e v i t s  and Lambert, (x), combined and presented r e s u l t s  from 
underground examinations of s t imula ted  boreholes  (Table 4 )  and concluded 
t h a t  induced, v e r t i c a l l y  o r i en ted  p a r t i n g s  w i l l  p a r a l l e l  n a t u r a l  
f r a c t u r e  t r e n d s  and can be  p red ic t ed  wi th in  10 degrees  azimuth. 
c o r r e l a t i o n  does no t  n e c e s s a r i l y  imply t h a t  induced f r a c t u r e  d i r e c t i o n s  
are c o n t r o l l e d  by n a t u r a l  f r a c t u r e  systems because t h e  d i r e c t i o n  of 
s t imula ted  p a r t i n g s  must always be perpendicular  t o  t h e  least p r i n c i p l e  
stress p resen t  i n  t h e  area of a w e l l  (19). 
induced and n a t u r a l  f r a c t u r e s  does,  however, i n d i c a t e  t h a t  t h e  c o n t r o l l i n g  
stress cond i t ions  are r e f l e c t e d  by t h e  n a t u r a l  c o a l  cleat  and rock 
j o i n t  d i r e c t i o n s .  

This  

The r e l a t i o n s h i p  between 

Mechanical ProDert ies  

The d e n s i t y ,  compressive, and t e n s i l e  s t r e n g t h s  of c o a l  are very  
low compared wi th  mine roof rock material which i s  u s u a l l y  s h a l e  o r  
sandstone.  I f  i nc reas ing  hydrau l i c  p re s su res  were appl ied  t o  a l l  
t h e s e  materials s imultaneously,  c o a l ,  t h e  least competent material ,  
would "break" o r  f r a c t u r e  f i r s t .  Fur ther ,  i f  t h e  c o a l  i s  bounded by 
s h a l e  o r  sandstone,  t h e  f r a c t u r e  would be contained completely i n  t h e  
c o a l  as long as hydraul ic  p re s su res  did no t  exceed t h e  mechanical 
"breakdown" p r o p e r t i e s  of t h e  surrounding s t ronge r  rock type(s1 .  

Borehole Rock Condit ions 

Unfortunately,  t h e  above concept of rock breakage does no t  
n e c e s s a r i l y  apply t o  a c t u a l  borehole  rock cond i t ions .  Before hydrau l i c  
p re s su re  i s  appl ied  t o  any given s e c t i o n  of a wel lbore ,  t h e r e  a l r eady  
e x i s t  many v e r t i c a l  f r a c t u r e s  i n  t h e  form of c o a l  c l e a t  o r  rock j o i n t s .  
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Where t h e s e  f r a c t u r e s  are  p resen t ,  t h e  rock ' s  t e n s i l e  s t r e n g t h  i s  
e f f e c t i v e l y  zero ,  r e g a r d l e s s  of t h e  type  of rock exposed ( c o a l ,  s h a l e ,  
sandstone,  l imes tone ,  g r a n i t e ,  e t c . ) .  Therefore ,  t h e  p r e s s u r e  r equ i r ed  
t o  induce a p a r t i n g  i n t o  t h e s e  rocks  is only t h a t  r equ i r ed  t o  overcome 
t h e  least p r i n c i p l e  stress wi th in  t h e  r e s e r v o i r .  
may be  very  easy t o  i n i t i a t e  p a r t i n g s  ( f r a c t u r e s )  i n t o  areas of f u t u r e  
mine roof o r  f l o o r  because t h e  rock is a l r eady  "broken". 

I n  o t h e r  words, it 

One underground w e l l  s i t e  s tudy showed t h a t  induced f r a c t u r e s  do 
indeed e n t e r  i n t o  very hard roof rock even when low s u r f a c e  i n j e c t i o n  rates 
(10 bpm) and p res su res  (1,400 ps ig)  a re  used (26). 
rock  w a s  f r a c t u r e d  p r i o r  t o  s t i m u l a t i o n  w a s  c l e a r l y  ind ica t ed  by t h e  
presence of cas ing  cement, found i n  roof f r a c t u r e s  up t o  80 f e e t  from 
t h e  wel lbore .  
rock developed dur ing  t h e  cementing ope ra t ion .  

The f a c t  t h a t  t h i s  

It is p o s s i b l e  t h a t  hydrau l i c  f r a c t u r e s  i n  t h e  roof 

Another n a t u r a l  rock cond i t ion  which seems t o  have an e f f e c t  
on t h e  upward growth of h y d r a u l i c a l l y  induced f r a c t u r e s ,  i s  t h e  
cond i t ion  of t h e  i n t e r f a c e  between t h e  caalbed and t h e  over ly ing  roof 
rock ( u s u a l l y  s h a l e ) .  
ind ica te .  t h a t  induced f r a c t u r e s  are more l i k e l y  t o  remain i n  t h e  
coalbed when t h e  over ly ing  s h a l e / c o a l  i n t e r f a c e  is very  ab rup t  and weakly- 
bonded. Such weakly-bonded i n f e r f a c e s  have been recognized i n  mine areas 
where t h e  con tac t  between c o a l  and s h a l e  i s  h ighly  pol i shed  and 
s t r i a t e d  ( s l i c k e n s i d e s ) .  Where t h i s  type  of boundary cond i t ion  occurs ,  
f r a c t u r e  p a r t i n g s  have f r equen t ly  spread-out h o r i z o n t a l l y  wi th in  t h e  
i n t e r f a c e  area r a t h e r  than grow v e r t i c a l l y  i n t o  t h e  over ly ing  s h a l e  roo f .  

Underground examinations a t  s t imu la t ed  boreholes  
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CHARACTERISTICS OF INDUCED COALBED FRACTURES 

O r i e n t a t i o n  

Nearly a l l  of t h e  induced f r a c t u r e s  observed underground i n  c o a l  
mines are  v e r t i c a l l y  o r i e n t e d .  
deve lop  as a r e s u l t  of s t i m u l a t i o n  because most coa lbeds  are l o c a t e d  i n  
t e c t o n i c a l l y  r e l a x e d  areas where t h e  g r e a t e s t  p r i n c i p l e  r o c k  stress 
d i r e c t i o n  i s  conta ined  w i t h i n  a v e r t i c a l  p l a n e  (L) (15) (16). Hor- 
i z o n t a l  f r a c t u r e s  have r e s u l t e d ,  however, where i n j e c t i o n  p r e s s u r e s  
exceed t h e  c a l c u l a t e d  overburden p r e s s u r e s  i n  w e l l s  as deep as 1,100 f e e t  

Vertical f r a c t u r e s  are expected t o  

(23). 
Direct i o n  (Az imu t h )  

Rock j o i n t ,  and e s p e c i a l l y  c o a l  c lea t  d i r e c t i o n s  tend  t o  remain 
p a r a l l e l  throughout  v e r y  t h i c k  v e r t i c a l  sequences (3). This  rela- 
t i o n s h i p  and t h e  c l o s e  c o r r e l a t i o n  between n a t u r a l  f r a c t u r e  and induced 
f r a c t u r e  d i r e c t i o n s  shown on Table  4 ,  i n d i c a t e  t h a t  t h e  d i r e c t i o n  of 
induced f r a c t u r e s  can b e  p r e d i c t e d  u s i n g  rock  j o i n t  and c o a l  c l e a t  
d i r e c t i o n  measurements o b t a i n e d  a t  some hor izon  above t h e  coalbed 
and n e a r  as p o s s i b l e  t o  t h e  w e l l ( s )  t o  b e  s t i m u l a t e d .  
road  c u t s ,  open s t r i p  p i t s ,  o r  nearby  underground workings are  a few 
l o c a t i o n s  where such i n f o r m a t i o n  can b e  e a s i l y  o b t a i n e d .  

Outcrops 

Length 

The l o s s  of f l u i d  t o  t h e  coalbed a long  a n  induced f r a c t u r e  as i t  i s  
b e i n g  propagated by pumping i s  a major f a c t o r  governing t h e  f r a c t u r e ' s  
l i n e a r  e x t e n t .  A s  mentioned ear l ier  i n  t h i s  r e p o r t ,  such  l o s s  of f l u i d  
( c a l l e d  "leak-of f") l e a v e s  a c o n s t a n t l y  d i m i n i s h i n g  amount of f l u i d  
t o  create f r a c t u r e  p e n e t r a t i o n  and t o  c a r r y  t h e  s o l i d  proppant  as 
t h e  f r a c t u r e ' s  l e n g t h  i n c r e a s e s .  When leak-off  t o  t h e  coalbed 
i s  t o o  h i g h ,  t h e  c a r r y i n g  a b i l i t y  of t h e  t r e a t m e n t  f l u i d s  d e c r e a s e s  
c a u s i n g  proppants  t o  accumulate  and can e v e n t u a l l y  b l o c k  any f u r t h e r  
i n j e c t i o n  of f l u i d s .  
o u t , "  o r  "screen-out' '  may c a u s e  propped f r a c t u r e  d i s t a n c e  t o  be much 
s h o r t e r  t h a n  t h e  des igned  l e n g t h s .  Sand-outs have occurred  f r e q u e n t l y  
(about  28% of t h e  t ime)  i n  p a s t  coalbed s t i m u l a t i o n s  ( r e f e r  t o  Table  3 ) .  

This  o c c u r r e n c e ,  commonly r e f e r r e d  t o  as a "sand- 

Underground examinat ions of s t i m u l a t e d  b o r e h o l e s  i n d i c a t e  t h a t  
t r e a t m e n t s  which i n c o r p o r a t e  t h e  u s e  of v e r y  heavy g e l s  produce s h o r t  
f r a c t u r e s  (16) (23). Even though such  h i g h l y  v i s c o u s  f l u i d s  reduce  
r e d u c e  f l u i F l e a k - o f  f i n t o  coa lbeds  , t h e y  produce very  wide f r a c t u r e s  
(g), (32). This  reduced t h e  o v e r a l l  f r a c t u r e  l e n g t h  t h e  t r e a t m e n t  
volume can create. 
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TABLE NO. 4 - RELATIONSHIP BETWEEN VERTICALLY INDUCED COALBED FRACTURE DIRECTION AND 
NATURAL ROCK FRACTURE TRENDS 

5 I D  No. 10 1 9  33 36 42 27 21 2 8  

Well Name 

AL 

Gel 

Openhole* 

USBM 1 NE 1 USBM'No. 4 

AL AL 

Gel  Foam 

P e r f o r a t i o n s  Openhole 

TW-1 TW-2 1 TW-3 

N68'W 

N21° E 

L/E 

N67"W 

N68'W N68"W 

N21"E N2l0E 

L/E L/E 

N68'W N68'W 

TW-4 - 
November 16 ,  

1977 

Mary Lee 

Date  of 
I n t e r c e p t  i on  

June  1 2 ,  
May 1974 1 1974 

June  1 6 ,  February  15, October  6 ,  I 1977 1976 . I 1977 

Mary Lee Mary Lee Mary Lee Coalbed 

County J e f f e r s o n  I J e f f e r s o n  1 J e f f e r s o n  J e f f e r s o n  Greene I Greene 1 Greene J e f f e r s o n  Washington 

S t a t e  I PA I L  I 

(r 
0 

I 

AL 

Type of  
S t i m u l a t i o n  
Trea tment  G e l  1 Gel Foam 

Type of  
Complet ion Openhole Openhole Openhole Openhole I Openhole Openhole 

Average Face 
C l e a t  
D i r e c t i o n  N55"E 

~ 

Average Butt 
C l e a t  
D i r e c t i o n  

N 1 8 O W  
N40"W 

N 1 8 " W  
N40"W N40'W N40"W N55"E N28"E 

Average Roof 
J o i n t  
D i r e c t i o n  

N77'W 

N60°E 
N60"E N18"W 

N77"W 
N58"E 

Induce  
F r a c t u r e  
D i r e c t i o n  

N62"W 
N76"E N66' E** 

L / E  Limi ted  e x p o s u r e s  p r e v e n t e d  d e t e r m i n a t i o n  of a dominate  d i r e c t i o n .  

**Propagated i n  roof  r o c k  as w e l l  as i n  coa lbed .  
*Casing set one-halfway through coa lbed .  



The l o n g e s t  measured l e n g t h  of a sand-packed h y d r a u l i c a l l y  
induced coalbed f r a c t u r e  w a s  416 f e e t  from t h e  borehole ,  u s i n g  a l i g h t  
g e l  f l u i d  i n  t h e  I l l i n o i s  No. 6 coalbed ( 1 6 ) .  S t i m u l a t i o n  t r e a t m e n t s  
u s i n g  foam as  a sand-car ry ing  a g e n t  have r e c e n t l y  shown evidence  t o  
i n d i c a t e  f r a c t u r e  e x t e n s i o n s  can  b e  much l o n g e r .  Such ev idence  i n c l u d e s  
recorded  o b s e r v a t i o n s  and measurements where t h e r e  w a s  d i r e c t  o r  
i n d i r e c t  5/ communication of t r e a t m e n t  f l u i d  from one w e l l  t o  a n o t h e r  
spaced from 500 t o  over  1,000 feet  a p a r t .  Two such  accounts  have been 
publ i shed  as r e c e n t  government r e p o r t s  of i n v e s t i g a t i o n  (26) (37). 

Width 

The d i f f e r e n c e  i n  p r e s s u r e  between t h e  s t i m u l a t i o n  t r e a t m e n t  f l u i d  
and t h e  a d j a c e n t  coalbed e s s e n t i a l l y  c o n t r o l s  f r a c t u r e  wid th  d u r i n g  
s t i m u l a t i o n  ( 3 2 ) .  Very l a r g e  d i f f e r e n c e s  i n  t h e s e  p r e s s u r e s  produce 
wide f r a c t u r e s w h i l e  s m a l l  d i f f e r e n c e s  produce v e r y  narrow f r a c t u r e s .  
Opera t ing  c o n d i t i o n s  which c a u s e  wide f r a c t u r e s  i n  coa lbeds  a re  h i g h  
i n j e c t i o n  rates combined w i t h  t h e  u s e  of v i s c o u s  f l u i d s .  E lder  (16) re- 
p o r t e d  f r a c t u r e  w i d t h s  of 2-1/2 i n c h e s  u s i n g  "heavy g e l "  6/ and a 10 bpm 
i n j e c t i o n  ra te ;  and 1 /8  t o  3/8 i n c h  wide f r a c t u r e s  u s i n g  a " l i g h t  
g e l "  71 and t h e  same i n j e c t i o n  rate.  
m i x t u r e  of g e l l e d  water and f l u i d  l o s s  a d d i t i v e s  produced 5-inch wide 
f r a c t u r e s  u s i n g  an  a v e r a g e  i n j e c t i o n  of on ly  8 bpm (3). 
conclude from t h e s e  examples t h a t  "high i n j e c t i o n  rate" i s  a re la t ive  
t e r m ,  meaning "high f o r  t h e  p a r t i c u l a r  f h i d  p r o p e r t i e s  i n c o r p o r a t e d  i n  
t h e  t r e a t m e n t  'I. 

A r e c e n t  test u s i n g  a h i g h l y  v i s c o u s  

One may 

P r o m a n t  D i s t r i b u t i o n  and Closure 

A s o l i d  propping a g e n t  w a s  normally inc luded  i n  a coalbed s t i m -  
u l a t i o n  d e s i g n  i n  o r d e r  t o  "hold open'' t h e  f r a c t u r e  once f l u i d  p r e s s u r e s ,  
c r e a t e d  by pumping, were r e l i e v e d .  Sand, s o r t e d  from 10-to 40-mesh 
s i z e s ,  h a s  been t h e  s t a n d a r d  material  used as proppant .  

The d i s t r i b u t i o n  of proppant  material w i t h i n  induced f r a c t u r e s  be- 
comes an impor tan t  c o n s i d e r a t i o n  where t h e r e  i s  e f f e c t i v e  c l o s u r e  stress 
because only  t h e s e  propped areas would t h e n  a l l o w  a s u f f i c i e n t  amount of 
format ion  f l u i d  t o  flow. 

- 5/ "Direct communication'' r e f e r s  t o  o c c a s i o n s  when s t i m u l a t i o n  f l u i d  
i s  i n j e c t e d  i n t o  one well and t h o  same t y p e  f l u i d  i s  observed f lowing  
i n t o  one o r  more nearby  w e l l s .  " I n d i r e c t  communication'' r e f e r s  t o  
o c c a s i o n s  when i n j e c t i o n  of s t i m u l a t i o n  f l u i d  a t  one w e l l  c a u s e s  
format ion  f l u i d s  (water  o r  g a s )  t o  move a t  one o r  more nearby w e l l s .  

- 6 /  75 pounds guar  gum p e r  1,000 g a l l o n s  water. 

7 /  50 pounds guar  gum p e r  1,000 g a l l o n s  water. - 

- 61 - 



There i s  r e c e n t  evidence which sugges t s  t h a t  very  l i t t l e  c l o s u r e  
stress e x i s t s  i n  some coalbeds.  A t  s e v e r a l  boreholes  d r a i n i n g  from t h e  
Mary Lee coalbed i n  Alabama, f o r  example, cont inued accumulat ions of 
propping sand i n  wel lbores  have caused ch ron ic  pumping problems (27). 
though t h e s e  w e l l s  are f a i r l y  deep (1,000 t o  1,100 f e e t ) ,  and they are  
s i t u a t e d  i n  an area where t h e r e  i s  l i k e l y  some la te ra l  rock stresses, 
a c t u a l  f r a c t u r e  c l o s u r e  must be  very  low t o  a l low t h e s e  r a t h e r  l a r g e  
amounts of proppant t o  r e t u r n  t o  t h e  wel lbore.  I n  areas l i k e  t h i s ,  
uniformly packed f r a c t u r e s  may no t  be  t h e  type  of proppant d i s t r i b u t i o n  
most d e s i r a b l e .  In s t ead ,  only p a r t i a l  packing, o r  even no packing a t  
a l l  may b e  more s u i t a b l e  f o r  h igher  dra inage  rates. 

Even 

Flow Capacity 

The r e l a t i v e  a b i l i t y  of f l u i d s  t o  f low through induced f r a c t u r e s  t o  
t h e  wel lbore  i s  an important  cons ide ra t ion  f o r  s t i m u l a t i o n  des ign .  One 
measure of t h i s  a b i l i t y  i s  commonly known as "Frac ture  Flow Capacity. ' '  
Flow capac i ty  a t  any given l o c a t i o n  along an induced f r a c t u r e  depends on 
t h e  f r a c t u r e ' s  he igh t  and width and on t h e  permeabi l i ty  of t h e  proppant 
material f i l l i n g  t h e  f r a c t u r e .  Very low f r a c t u r e  flow c a p a c i t i e s  
cause s t e e p  p re s su re  g r a d i e n t s  t o  occur  wi th in  t h e  induced f r a c t u r e ( s )  
because r e s i s t e n c e  t o  flow i s  high.  I n  such a case, reduct ion  of 
r e s e r v o i r  p re s su res  over s i g n i f i c a n t l y  l a r g e  areas of t h e  coalbed 
may no t  occur r a p i d l y  enough t o  supply an economic flow of g a s  t o  
t h e  wel lbore .  Thus, even though a low flow c a p a c i t y  f r a c t u r e  extends 
s e v e r a l  hundred f e e t  from t h e  wel lbore ,  only a s m a l l  po r t ion  of t h a t  
l e n g t h  would d e f i n e  t h e  "productive" l e n g t h  of t h e  f r a c t u r e .  
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STIMULATION USING GELLED FLUIDS 

Government r e s e a r c h  h a s  conducted 2 1  s t i m u l a t i o n  t r e a t m e n t s  
u s i n g  g e l l e d  f l u i d s  s i n c e  1970 ( s e e  Table  3 ) .  This  t y p e  of f l u i d  
i s  water-based, and c o n t a i n s  a n a t u r a l - g u a r  gum m i x t u r e  a l l o w i n g  
i t  t o  c a r r y  sand proppant  and r e t a r d  f l u i d  l e a k - o f f .  
i s  completed the'se g e l l e d  f l u i d s  are  des igned  t o  "revert" o r  "breakdown" 
t o  t h e  v i s c o s i t y  of w a t e r .  This  a l l o w s  t h e  d r a i n a g e  of s t i m u l a t i o n  
f l u i d  from t h e  induced p a r t i n g ( s )  t o  t h e  w e l l b o r e ,  l e a v i n g  t h e  sand 
proppant  f o r  s u p p o r t .  

A f t e r  t r e a t m e n t  

There a r e  s e v e r a l  p u b l i s h e d  and unpubl ished r e p o r t s  c o n t a i n i n g  
s p e c i f i c  accounts  of b o r e h o l e  s t i m u l a t i o n  tests u s i n g  g e l l e d  f l u i d s  (L) (14) (23) (38). The f o l l o w i n g  d e s c r i p t i o n s  serve t o  demonst ra te  t h e  
Government's e x p e r i e n c e  u s i n g  t h i s  t y p e  of coa lbed  t r e a t m e n t .  Among 
Lhe s t u d i e s  p r e s e n t e d  a re  a l l  t h o s e  where t h e  r e s u l t s  of g e l l e d  
f l u i d  t r e a t m e n t s  w e r e  observed d i r e c t l y  underground a f t e r  mining had 
progressed  through t h e  b o r e h o l e s  and e f f e c t e d  areas. 

Pocahontas No.3 Coalbed, Buchanan County, VA ( 3 )  (13) 

A test  h o l e  w a s  d r i l l e d  i n t o  a p r o j e c t e d  b a r r i e r  p i l l a r  i n  an  area 
n o t  t o  b e  mined f o r  s e v e r a l  y e a r s .  The tes t  s i t e  w a s  i n  c e n t r a l  Buchanan 
County, VA. The h o l e  p e n e t r a t e d  a series of Pennsylvanian s a n d s t o n e s ,  
s h a l e s ,  and c o a l s  t o  test  t h e  gassy  Pochanatas  No. 3 coa lbed .  The 1,530 
f o o t  deep h o l e  w a s  logged w i t h  a gamma r a y  - d e n s i t y  logging  t o o l  t o  
o b t a i n  g e o p h y s i c a l  d a t a  on format ion  d e n s i t y ,  p o r o s i t y ,  and l i t h o l o g y .  
The 8-inch-diameter h o l e  w a s  cased w i t h  4.5-inch d iameter  s teel  c a s i n g  
from t h e  s u r f a c e  t o  t h e  t o p  of t h e  coa lbed ,  and t h e  c a s i n g  w a s  p r e s s u r e -  
cemented. 

Monitor ing equipment,  i n c l u d i n g  a f low meter and p r e s s u r e  gauges,  
were i n s t a l l e d .  Water f low w a s  measured a t  .07 bpd. The i n f l o w i n g  water 
i n h i b i t e d  t h e  f low of g a s  and r e q u i r e d  f r e q u e n t  swabbing t o  m a i n t a i n  a 
g a s  f low.  The b o r e h o l e  flowed a t  600 c f d  w i t h  cont inued  swabbing t o  
clear t h e  h o l e  of water. 

I n  J u l y  1970, a h y d r a u l i c  s t i m u l a t i o n  procedure  des igned  by t h e  
Bureau of Mines w a s  a t tempted .  The coalbed w a s  t r e a t e d  w i t h  a g e l l e d  
f l u i d  c o n t a i n i n g  10- t o  20-mesh sand as a propping a g e n t .  The i n i t i a l  
f r a c t u r e  occurred  a t  3,200 p s i g .  The f r a c t u r e s  were propagated w i t h  
2,400 t o  3,450 p s i g  p r e s s u r e  a t  an a v e r a g e  i n j e c t i o n  r a t e  of 10 bpm 
of  ge l led-water  f r a c t u r i n g  f l u i d .  The t r e a t m e n t  u t i l i z e d  14,800 
g a l l o n s  of f r a c t u r i n g  f l u i d  and 4,000 pounds l b  of 10- t o  20-mesh 
propping sand.  F i g u r e  18 shows wel lhead p r e s s u r e  and i n j e c t i o n  r a t e  
c h a r t s  f o r  t h i s  t r e a t m e n t .  This  w e l l  i s  d e s i g n a t e d  "NO. 1" on Table  3 .  
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After s t i m u l a t i o n ,  t h e  h o l e  w a s  swabbed t o  remove water and moni tor  
g a s  f low.  Gas f low i n c r e a s e d  
from 2,500 t o  3,500 c f d  as water w a s  d r a i n e d  from t h e  coa lbed .  During 
t h e  second day, water f low averaged  9 bpd, b u t  flowed i n  s u r g e s ;  t h e  
g a s  f low i n c r e a s e d  from 3,500 t o  9,000 c f d .  The f o u r t h  day ,  g a s  f low 
rates i n c r e a s e d  t o  12,000 c f d ,  w h i l e  water f low d e c r e a s e d ,  f lowing  an  
a v e r a g e  of 6 bpd d u r i n g  f low p e r i o d s ,  bu t  w i t h  a l o n g e r  flow-nonflow c y c l e .  
On t h e  f i f t h  day ,  g a s  f low s t a b i l i z e d ,  a v e r a g i n g  12,000 c f d ,  w h i l e  t h e  
water f low r a t e  d e c l i n e d  t o  2 bpd f lowing  i n  12 hour c y c l e s  ( F i g u r e  1 9 ) .  

On t h e  f i r s t  day,  water f low decreased .  

The twentyfo ld  i n c r e a s e  i n  g a s  f low w a s ,  indeed ,  encouraging.  It 
w a s  e v i d e n t ,  however, t h a t  a pumping o r  swabbing service must b e  provided 
t o  remove t h e  water inf low t o  m a i n t a i n  s t a b l e  g a s  p r o d u c t i o n .  

Mary Lee Coalbed, J e f f e r s o n  County AL (5) (7)  ( 1 4 )  

A tes t  area w a s  l o c a t e d  i n  S e c t i o n  23, T 18S ,  R 6 W J e f f e r s o n  
County, AL, f o r  e x p e r i m e n t a l  d e g a s i f i c a t i o n  of t h e  Mary Lee coa lbed  i n  
advance of mining a t  U.S. Stee l ' s  Oak Grove Mine. A f i v e - s p o t  p a t t e r n  
of h o l e s  (1,081 t o  1,093 f e e t  t o t a l  depth)  was d r i l l e d  on t h e  f l a n k  of a 
s t r u c t u r a l  a n t i c l i n e .  The h o l e s  p e n e t r a t e d  Pennsylvanian s a n d s t o n e s ,  s h a l e s ,  
and coa lbeds .  D r i l l i n g  w a s  completed i n  J u l y  1971.  Hole No. 3 SW 
i n  t h i s  f i v e - s p o t  p a t t e r n  w a s  d r i l l e d  t o  t h e  t o p  of t h e  coalbed a t  a 
1 , 0 7 5  f o o t  d e p t h  and cased w i t h  seven i n c h  d i a m e t e r  steel c a s i n g .  
A f t e r  c a s i n g  t h e  h o l e ,  f i v e  f e e t  of coalbed w a s  cored and t h e  
b o r e h o l e  w a s  pu t  on p r o d u c t i o n .  Gas p r o d u c t i o n  w a s  low a t  t h e  start  but  
i n c r e a s e d  as t h e  coa lbed  w a s  dewatered. The maximum p r o d u c t i o n  w a s  from 
b o r e h o l e  No. 3 SW. A f t e r  16 months, p r o d u c t i o n  from t h i s  h o l e  had 
reached  an  average  of 5,000 c f d  gas  w i t h  6 bpd water. A s t i m u l a t i o n  
t r e a t m e n t  w a s  t h e n  planned t o  i n c r e a s e  t h e  d e g a s i f  i c a t i o n  ra te .  

Design number two from a computer c a l c u l a t i o n  (Tables  5 and 6)  w a s  
s e l e c t e d  f o r  t h e  t r e a t m e n t  p l a n .  This  provided f o r  10,000 g a l l o n s  
of g e l l e d  water, w i t h  a 2,500 g a l l o n  water pad t o  b e  i n j e c t e d  i n t o  t h e  c o a l  
a t  10 bpm t o  p r o p a g a t e  a f r a c t u r e  o r  p a r t i n g .  S i x  thousand pounds 
of 10-to 20-mesh sand w e r e  mixed w i t h  t h e  f r a c t u r e  f l u i d  a t  a c o n c e n t r a t i o n  
of 3 / 4  ppg (pounds p e r  g a l l o n )  t o  s e r v e  as a propping a g e n t  i n  t h e  
induced f r a c t u r e  a f t e r  t r e a t m e n t .  
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FIGURE 19. - GAS AND WATER PRODUCTION RATES 
FOLLOWING HYDRAULIC STIMULATION TREATMENT OF 

POCAHONTAS NO. 3 COALBED (16). 
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TABLE 5 . I iydraul ic  F r a c t u r e  S t i m u l a t i o n  P lan .  
IIole No . 3 SW. J e f f e r s o n  County. Alabama ( 7 )  

san  
s a c k s  

1 9  
56  
94  

1 3  1 

Design 
No . 

1 .... 
2 .... 
3 .... 
4 .... 

Created 
f r a c t u r e  
l e n g t h  

f e e t  

233 
758 

1. 040 
1. 007 

Product  ion  
i n c r e a s e  

7 . 5  
11.7 
1 5 . 6  
19 .4  

V i s c o s i t y  
C P  

Propped 
f r a c t u r e  1 . f ee t  

Volume. 
1. 000/gas  
T o t a l  Pad 

Length Height  

5 2 .5  105 5 . 2  
10 2.5  255 5 . 5  
15 2.5 377 5 . 6  
20 2 . 5  437 5.7 

F r a c t u r e  
w i d t h  
i n c h  

. 207 . 242 . 266 

. 234 

TABLE 6 . Criter ia  used i n  computat ion of h y d r a u l i c  f r a c t u r e  
s t i m u l a t i o n  p l a n .  Hole 3 SW. J e f f e r s o n  County. Alabama ( 7 )  

I n j e c t i o n  Rate ............................................................. bbl/min .. 
Assumed f r a c t u r e  h e i g h t  ......................................................... f t  .. 
N e t  fo rmat ion  t h i c k n e s s  ........................................................... 
P l a s t i c  modulus .............................................................. l b / i n  .. 
Formation p e r m e a b i l i t y  .......................................................... md . .  
Formation p o r o s i t y  ............................................................. p c t  .. 

f 5  

Bottom h o l e  t r e a t m e n t  p r e s s u r e  .............................................. l b / i n $  .. 
Reservoi r  p r e s s u r e  .......................................................... l b / i n  .. 
Reservoi r  f l u i d  v i s c o s i t y  
CW-- F l u i d  l o s s  coef ...................................................... f t / m i n  .. 
S p u r t  l o s s  ................................................................. g a l f f t  .. 
Type of g e l  ( H a l l i b u r t o n )  ........................................................... 
G e l  c o n c e n t r a t i o n  ...................................................... l b / l .  000 g a l  .. 
n'-Prime ............................................................................ 
k'-Prime ( s l o t )  ........................................................ l b  sec / f t 2  .. f' 
Well s p a c i n g  ................................................................. a.res .. 
Drainage r a d i u s  ................................................................. f t  .. 
\ ? e l l b o r e  r a d i u s  ................................................................. f t  .. 
Damage r a t i o  ........................................................................ 
Type and conc prop sand (8-12 mesh) ..................................... l b / g a l  avg .. 

................................................ 
* * .. 3 5  . 

2 

n 

10.0 
7 . 0  

5 * 8  0.30 x 1 0  
5.0 
4.0 

2 , 0 5 0 . 0  
390.0  

0.00310 
0.02 

0.21 
WG- 6 
20.0 
0 .738 

0 .000698 
30.0 

536.0 

I 0 . 2 5  
3 . 0  

I 0 . 7 5  
I 
I 



The t r e a t m e n t  was conducted through 2-7/8 i n c h  h igh-pressure  t u b i n g  
w i t h  a t e n s i o n  packer  i n  the s t r i n g  set  a t  988 f e e t  i n  the seven i n c h  
c a s i n g .  The bottom of t h e  t u b i n g  w a s  a t  t h e  midpoint  of t h e  coa lbed .  

The i n i t i a l  f r a c t u r e  occurred  a t  800 p s i g .  The f r a c t u r e  w a s  
extended a t  1 ,100 t o  1 ,200 p s i g  p r e s s u r e  and a s t e a d y  10 bpm i n j e c t i o n  
ra te .  
10- t o  20-mesh s i z e  propping sand were pumped d u r i n g  t h e  t r e a t m e n t  
( F i g u r e  20) .  
and 30 f e e t  of sand f i l l u p  w a s  c l e a r e d  from t h e  borehole .  
water pump w a s  i n s t a l l e d ,  t h e  borehole  w a s  r e t u r n e d  t o  p r o d u c t i o n .  
f r a c t u r i n g  f h i d  w a s  recovered .  

A t o t a l  of 10,000 g a l l o n s  of  g e l l e d  water and 6,000 pounds of 

A f t e r  t r e a t m e n t ,  t h e  b o r e h o l e  was swabbed f r e e  of water, 
A f t e r  t h e  

All 

The g a s  f low i n c r e a s e d  a f t e r  t r e a t m e n t  from 5,000 c f d  t o  a maximum 
rate of 90,000 c f d  i n  11 days  ( F i g u r e  21) .  
months, t h e  f low rate s t a b i l i z e d  a t  50,000 c f d .  - 81 
d e s i g n a t e d  "No. 2" on Table  3 .  

During t h e  n e x t  seven 
T h i s  w e l l  i s  

P i t t s b u r g h  Coalbed, Washington County, PA (12) ( 1 4 )  

A tes t  area w a s  l o c a t e d  n e a r  Lone P i n e ,  Washington County, PA, 
f o r  d e g a s i f i c a t i o n  of t h e  P i t t s b u r g h  coa lbed  i n  advance of mining. 
Four h o l e s  405 t o  552 f e e t  i n  d e p t h  were d r i l l e d  i n  a p a t t e r n  on t h e  
f l a n k  of t h e  Amity a n t i c l i n e .  
n e a r  t h e  t o p  of t h e  coalbed and cased w i t h  seven i n c h  d iameter  steel 
c a s i n g .  A f t e r  t h e  h o l e s  were c a s e d ,  the seven f o o t  coalbed was cored 
and t h e  b o r e h o l e s  p u t  on product ion .  I n i t i a l  g a s  product ion  began 
i n  June ,  1972, and was low t h e n  i n c r e a s e d  as t h e  coalbed w a s  dewatered.  
A f t e r  18 months, g a s  product ion  from Borehole  No. 1 NE s t a b i l i z e d  a t  
an  average  of 7,000 c f d  w i t h  4-114 bpd of water. T h i s  b o r e h o l e  w a s  
f r a c t u r e - t r e a t e d  t o  improve d e g a s i f i c a t i o n  ra te  and test  t h e  e f f e c t i v e n e s s  
of s t i m u l a t i o n  of t h e  P i t t s b u r g h  coalbed.  

The n i n e  inch-diameter  h o l e s  were d r i l l e d  

A h y d r a u l i c  s t i m u l a t i o n  t r e a t m e n t  program w a s  p repared  u t i l i z i n g  
d e s i g n  No. 2 from t h e  computer o u t p u t  t r e a t m e n t  p l a n  (Tables  7 and 8 ) .  
T h i s  provided 10,000 g a l l o n s  of water pad t o  b e  i n j e c t e d  i n t o  t h e  c o a l  
a t  1 0  bpm. S i x  thousand pounds of 10- t o  20-mesh sand w e r e  mixed w i t h  
t h e  f r a c t u r e  f l u i d  a t  a c o n c e n t r a t i o n  of 112 t o  314 ppg t o  s e r v e  as 
a propping agent  i n  t h e  induced f r a c t u r e .  

The t r e a t m e n t  w a s  conducted through 2-718 i n c h  h igh-pressure  t u b i n g  
w i t h  a t e n s i o n  packer  i n  t h e  s t r i n g  set a t  412 f e e t  i n  t h e  seven 
i n c h  c a s i n g .  

- 81 The accuracy of t h e  product ion  d a t a  f o r  t h e  3 SW b o r e h o l e  a t  
Oak Grove Mine h a s  been s t r i n g e n t l y  c o n t e s t e d  by U.S. Steel .  
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FIGURE 20. = WELLHEAD PRESSURE AND INJECTION 
RATE CHARTS OF HYDRAULIC STIMULATION 

OF THE MARY LEE COALBED (7). 
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TABLE 7 . Hydraul ic  f r a c t u r e  s t i m u l a t i o n  p l a n .  
Hole 1 NE. Washington County. PA ( 1 4 )  

Design 
No . 

1 .... 
2 .... 
3 .... 

Volume. Propped F r a c t u r e  
8 P r o d u c t i o n  1 . 000/ga l  f r a c t u r e  V i s c o s i t y  w i d t h  

i n c r e a s e d  T o t a l  Pad f e e t  CP i n c h  
Length Height  

9.2 5 1.0  165 4.9 4 . 2 2 1  
13.2 10 1 309 5.2 4 . 253 
15.2 15  1 433 5 . 3  5 . 273 

Prop 
sand 
s a c k s  

I f e e t  
30 397 

C r  ea t ed 
f r a c t u r e  
l e n g t h .  

862 
105 907 

4 .... I 19.4  20 1 54 7 5.4 I 5 . 289 14 3 1. 133 

TABLE 8 . Criteria used i n  computat ion of h y d r a u l i c  f r a c t u r e  s t i m u l a t i o n  
p l a n .  Hole No . 1 NE. Washington County. PA ( 1 4 )  

I 

I n j e c t i o n  rate ........................................................... bb l / m i n  .. 
Assumed f r a c t u r e  h e i g h t  ....................................................... f t  .. 
N e t  fo rmat ion  t h i c k n e s s  ....................................................... f t  .. 
Elastic modulus ........................................................... l b / i n 2  .. ........................................................ m d .. 
Formation p o r o s i t y  

Reservoi r  p r e s s u r e  ........................................................ l b / i n 2  .. 
Reservoi r  f l u i d  v i s c o s i t y  

2' * 
CW-- F l u i d  l o s s  coef  f t / m i n  
S p u r t  l o s s  ............................................................... g a l / f t  .. 
Type of g e l  ( B a l l i b u r t o n )  ......................................................... 
G e l  c o n c e n t r a t i o n  ................................................... l b / l .  000 g a l  .. 
n'-Prime 
k'-Prime ( s l o t )  .................................................... . l b  f - s e c n / f t  .. 
Well spac ing  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . a c re s . .  
Drainage r a d i u s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . f t . .  
Wellbore r a d i u s  ............................................................... f t  .. 
Damage r a t i o  ...................................................................... 
Type and conc prop sand (8-12-mesh) ................................... l b l g a l  avg .. 

Formation p e r m e a b i l i t y  

Bottom h o l e  t r e a t m e n t  p r e s s u r e  ............................................ l b / i n  .. 
....................................................... 

pc$..  

i75 . . 

.... 
..................................................... 

.................................................... 

....................................................................... 2 '  

10.0-  
7 .  0 
6 . 0  

0.30 x 1 0 6  
5 . 0  
4 . 0  

7 7 2 . 0  
166.0 

0 . 0 0 3 1 0  
0.02 

0 . 2 1  
WG-6 
2 0 . 0  
0.728 

0.000898 
30 .0  

563.0 
0 . 2 5  
3 . 0  
0 .75  
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FIGURE 22. - WELL HEAD PRESSURE AND INJECTION RATE 
CHARTS OF HYDRAULIC STIMULATION TREATMENT OF 
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FIGURE 23. - GAS AND WATER PRODUCTION RATES BEFORE 
AND AFTER HYDRAULIC STIMULATION TREATMENT 

OF PITSBURGH COALBED (14). 
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The i n i t i a l  f r a c t u r e  of t h e  c o a l  w a s  achieved a t  600 ps ig .  The 
f r a c t u r e  w a s  extended a t  1 ,200 t o  1,400 p s i g  p r e s s u r e  and a s teady  
1 1 . 4  bpm i n j e c t i o n  rate. 
6,000 pounds of 10- t o  20-mesh propping sand w e r e  pumped dur ing  f r a c t u r e  
propagat ion (F igure  2 2 ) .  
occurred.  

A t o t a l  of 10,200 ga l lons  of g e l l e d  water and 

Midway through t h e  pumping, a "sand-out" 

The system w a s  al lowed t o  backflow t o  c l e a r  t h e  blockage ?v,d t h e  
t rea tment  w a s  completed. Af t e r  t r ea tmen t ,  t h e  borehole  w a s  swabbed f r e e  
of water, and a few f e e t  of sand accumulation w a s  c leaned from t h e  
borehole .  With r e i n s t a l l a t i o n  of t h e  water pump, t h e  borehole  w a s  
r e tu rned  t o  product ion and t h e  f r a c t u r i n g  f l u i d  w a s  recovered.  

The gas  flow increased  a f t e r  t rea tment  from an average of 7,000 c fd  
t o  a rate of 35,750 c fd  i n  2-1/2 months (F igure  23) .  On Table  3 ,  t h i s  
w e l l  i s  des igna ted  a t  "NO. 3". 

Mary Lee Coalbed, J e f f e r s o n  County, Alabama, Case I1 (23) 

A v e r t i c a l  d e g a s i f i c a t i o n  borehole  d r i l l e d  t o  t h e  Mary Lee coalbed 
and completed 600 f e e t  ahead of a c t i v e  mining, w a s  i n t e r c e p t e d  by mining 
on February 15,  1977. The borehole ,  r e f e r r e d  t o  as T e s t  Well No. 2 
(TW2), was loca ted  i n  Sec t ion  35, T 18 S ,  R 6 W ,  nea r  Oak Grove, Alabama. 
The purpose of completing Tw2 w a s  t o  test s p e c i f i c  hydrau l i c  g e l  
s t i m u l a t i o n  procedures  i n  c o a l  by monitor ing w e l l  p roduct ion ,  and la ter ,  
in spec t ing  t h e  r e s u l t s  d i r e c t l y  underground i n  t h e  mine. 

TW2 was r o t a r y  d r i l l e d  us ing  a 6-1/4 inch  diameter  a i r -pe rcuss ion  
b i t  and foam t o  approximately 235 f e e t  above t h e  f i v e  f o o t  t h i c k  
c o a l  i n t e r v a l .  
d r i l l i n g ,  a 6-1/8 inch  diameter  r o l l e r  b i t  and foam were used t o  d r i l l  
t h e  remaining d i s t a n c e  t o  50 f e e t  below t h e  coalbed. TW2 w a s  cased 
t o  t o t a l  depth  wi th  4-1/2 inch diameter  p i p e  equipped wi th  a f l o a t  
shoe. The lower 500 f e e t  of ca s ing  w a s  set  i n  place us ing  13.5 ppg 
weight cement. 

To reduce t h e  p o s s i b i l i t y  of formation damage due t o  

A j e t  s l o t t i n g  t o o l  w a s  pos i t i oned  us ing  a geophysical  logging 
device .  
v e r t i c a l  s l o t s ,  90 degrees  a p a r t ,  from t h e  base  of t h e  coalbed t o  
w i t h i n  one f o o t  of t h e  top .  The coalbed w a s  s t imula ted  us ing  3,500 
g a l l o n s  of a h ighly  v iscous  f l u i d  conta in ing  4,000 pounds of 10- t o  30 
and 20- t o  40 mesh s i z e  sand (Table  9 ) .  

The des ign  c a l l e d  f o r  a water and sand s l u r r y  t o  c u t  fou r  
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Table  9 - TW2 Hvdraul ic  S t i m u l a t i o n  Data (23) 

Date .................................. October 2 4 ,  1976 
Propping sand ......................... 20-40 mesh-sized sand ,  1000 l b .  
Propping sand ......................... 10-20 mesh-si7ed sand ,  3,000 l b .  
Treatment f l u i d  ....................... Gelled water, 3,500 g a l  
S u r f a c t a n t  c o n c e n t r a t i o n  .............. 3 ga1/1,000 g a i  

G e l l i n g  a g e n t  c o n c e n t r a t i o n  ........... 66.7 l b s / 1 , 0 0 0  g a l  
Breaker  c o n c e n t r a t i o n  ................. 2 l b / 1 , 0 0 0  g a l  
Complexer c o n c e n t r a t i o n  ............... 0.4 ga1/1,000 g a l  

F l u i d  l o s s  a d d i t i v e  c o n c e n t r a t i o n  ..... 50 lb /1 ,000  g a l  

Maximum p r e s s u r e  ...................... 2,500 p s i g  
Average p r e s s u r e  ...................... 2,400 p s i g  
Treatment ra te ,  average  ............... 8 bpm 
Hydraul ic  horsepower .................. 1,000 Hp 

The h y d r a u l i c  s t i m u l a t i o n  p r e s s u r e  averaged 2,400 p s i g  w i t h  n r  
a p p a r e n t  format ion  "breakdown"; t h e  f l u i d  i n j e c t i o n  r a t e  averaged 3 bpm; 
and t h e  i n s t a n t a n e o u s  shut - in  p r e s s u r e  w a s  2,200 p s i g  ( F i g u r e  2 4 ) .  
A f t e r  s t i m u l a t i o n ,  water w a s  c i r c u l a t e d  i n  t h e  w e l l  removing approx- 
i m a t e l y  200 l b s  of propping sand .  The w e l l  w a s  l a t e r  equipped w i t h  a 
pump t o  remove water and meters t o  monitor  product ion .  

TW2 w a s  p u t  on product ion  November 13,  1976. During s u c c e s s f u l  
pumping p e r i o d s ,  d a i l y  g a s  product ion  averaged about  15,000 c u b i c  f e e t .  Sand 
and o t h e r  f o r e i g n  material e n t e r i n g  t h e  downhole pump mechanism caused - -  
c h r o n i c  m a l f u n c t i o n  and r e s u l t e d  i n  o v e r a l l  poor g a s  product ion  ( F i g u r e  
25) .  

Temporary g a s  f low rates i n  e x c e s s  of 80,000 c f d  were measured on 
s e v e r a l  o c c a s i o n s ,  immediately a f t e r  s e r v i c i n g  t h e  downhole pump and 
a f t e r  removal of u s u a l l y  less t h a n  f i v e  b a r r e l s  of w a t e r .  Such t e m -  
p o r a r i l y  h i g h  g a s  f lows appear  t o  have brought  s i g n i f i c a n t  amounts of 
propping sand i n t o  t h e  wel lbore .  

The w e l l ,  and induced f r a c t u r e s  from t h e  w e l l ,  were exposed approximate ly  
t h r e e  months la ter  by mining. 
beyond t h e  b o r e h o l e  l o c a t i o n  d u r i n g  which t i m e  v e r y  wide,  s h o r t  v e r t i c a l  
f r a c t u r e s  and l o n g e r ,  t h i n  h o r i z o n t a l  sand-packed f r a c t u r e s  were 
observed.  The s i te  w a s  s t u d i e d  i n  d e t a i l  and measurements were made w i t h  
t h e  c o a l  f a c e  i n  t h e  p o s i t i o n  shown on F i g u r e  26. 
appeared a t  t h a t  t i m e  i s  diagrammed i n  F i g u r e  27. 

Coal w a s  removed t o  approximate ly  f o u r  f e e t  

The b o r e h o l e  s i t e  as it 

The c a s i n g  w a s  expanded outward where p i e r c e d  by f o u r  roughly d i -  
amond 
S m a l l  h o l e s  i n  t h e  c a s i n g  ( f i v e  h o l e s ,  0.3-inch maximum diameter )  were 
observed f i v e  t o  n i n e  i n c h e s  above t h e  s l o t s .  
f o u r  i n c h e s  below t h e  b a s e  of t h e  coalbed demonst ra t ing  t h a t  s l o t t i n g  
had not occurred  i n  t h e  coalbed as in tended .  

shaped s l o t s  about  5.5 i n c h e s  long  and 2 t o  2 .5  i n c h e s  wide.  

The t o p  of t h e  s l o t s  were about  
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FIGURE 24. = HYDRAULIC STIMULATION PRESSURE 
AND FLUID INJECTION CHART TW2, 

MARY LEE COALBED (23). 
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FIGURE 25. - DAILY GAS PRODUCTION FROM 
TW2, MARY LEE COALBED (23). 
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FIGURE 26. = POSITION OF MINE FACE DURING 
UNDERGROUND INVESTIGATION OF TW2 (23). 
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FIGURE 27. - SKETCH OF MINE FACE DURING 
UNDERGROUND EXAMINATION OF TW2 (23). 
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Three wel l -def ined  v e r t i c a l  f r a c t u r e s  were observed a t  t h e  b o r e h o l e  
s i te .  A l l  t h r e e  were c o n t a i n e d  i n  t h e  lower t h i r d  of t h e  coa lbed  and 
w e r e  completely f i l l e d  w i t h  propping sand.  F r a c t u r e  s i d e s  appeared 
smooth and unabra ided ,  and fol lowed l o c a l  v e r t i c a l  n a t u r a l  f r a c t u r e  
p l a n e s  i n  t h e  c o a l .  The w i d e s t  s a n d - f i l l e d  f r a c t u r e  (4 .5  i n c h e s ) ,  
t a p e r e d  upward g r a d u a l l y ;  a f r a c t u r e  of i n t e r m e d i a t e  t h i c k n e s s  
(2 .0  i n c h e s )  t a p e r e d  s h a r p l y  t o  t h e  f l o o r  ( F i g u r e  2 7 ) .  The remaining 
v e r t i c a l  f r a c t u r e  w a s  t h e  same t h i c k n e s s  (0.03 i n c h e s )  th roughout .  
A l l  t h r e e  f r a c t u r e s  te rmina ted  a t  t h e  b a s e  of t h e  coa lbed  w i t h  no 
ev idence  of f r a c t u r e  c o n t i n u a t i o n  i n t o  f l o o r  rock.  

Two f r a c t u r e s  were i n c l i n e d .  They s l o p e d  downward t o  t h e  s o u t h  and 
were c o n t a i n e d  e n t i r e l y  i n  a more f r i a b l e ,  s o f t ,  and h i g h l y  s l i c k e n s i d e d  
p o r t i o n  of t h e  coa lbed .  Their  s i d e s  were smooth and unabra ided ,  b u t  
somewhat i r r e g u l a r .  They appeared t o  f o l l o w  l o c a l  n a t u r a l  s h e a r  f r a c -  
t u r e  p l a n e s  i n  t h e  c o a l ,  w i t h  minor v e r t i c a l  development a l o n g  c leat  
p l a n e s .  The shape  and downward e x t e n s i o n  of t h e s e  induced f r a c t u r e s  
i n d i c a t e  d i r e c t  o r  i n f e r r e d  c o n t i n u a t i o n  w i t h  t h e  v e r t i c a l  f r a c t u r e s  
d e s c r i b e d  ear l ie r .  

Four h o r i z o n t a l  s a n d - f i l l e d  f r a c t u r e s  appeared a t  t h e  c o a l  f a c e  as 
e x t e n s i o n s  of e i t h e r  v e r t i c a l  o r  i n c l i n e d  f r a c t u r e  development.  All 
f o u r  o c c u r r e d  a l o n g  bedding p l a n e s .  Three of t h e  f r a c t u r e s  were p r e s e n t  
approximate ly  one- th i rd  t h e  d i s t a n c e  up from t h e  f l o o r  n e a r  t h e  l i n e  of 
c o n t a c t  between h a r d ,  d i s t i n c t l y  c l e a t e d  c o a l  and s o f t ,  f r i a b l e ,  s h e a r e d  
c o a l .  The f o u r t h  h o r i z o n t a l  f r a c t u r e  r a n  a long  a l i n e  s i x  i n c h e s  below 
t h e  c o a l  / roof  - rock i n t e r f a c e .  T y p i c a l l y  , c o a l  immediately sur rounding  
t h e  h o r i z o n t a l  f r a c t u r e s  w a s  v e r y  s o f t  and appeared c rushed .  

Four s m a l l ,  separate, randomly o r i e n t e d ,  s a n d - f i l l e d  f r a c t u r e s  were 
observed i n  t h e  upper p o r t i o n  of t h e  c o a l  f a c e  n o r t h  of t h e  w e l l b o r e .  
Thei r  l o c a t i o n s  i n d i c a t e  c l o s e  a s s o c i a t i o n  w i t h  a system of l a r g e r  
f r a c t u r e s  t r e n d i n g  approximate ly  N65OE. These f r a c t u r e s  w e r e  observed 
a l o n g  s h e a r ,  c l ea t ,  and bedding p l a n e s  and t h u s  possessed  c h a r a c t e r i s t i c s  
o f  a l l  t h r e e  f r a c t u r e  t y p e s  d e s c r i b e d  earlier.  This  w e l l  is  N o .  33 on 
Table  3. 

P i t t s b u r g h  Coalbed, Washington County, 
Pennsylvania ,  Case I1 (16) ( 2 1 )  

To de termine  t h e  e f f e c t  of h y d r a u l i c  s t i m u l a t i o n  on t h e  P i t t s b u r g h  
coa lbed ,  a test h o l e  w a s  d r i l l e d  a t  Vesta Xo. 5 mine i n  Washington 
County, PA. The h o l e  w a s  l o c a t e d  500 f e e t  ahead of a n  a c t i v e  deve loping  
s e c t i o n  of t h e  mine. 

D r i l l i n g  began A p r i l  10, 1974, w i t h  a r o t a r y  d r i l l  r i g .  A 6-1 /4-  
i n c h  h o l e  w a s  t h e n  d r i l l e d  t o  a t o t a l  depth  of 597 f e e t .  The P i t t s b u r g h  
coa lbed  w a s  reached a t  a d e p t h  of 588 f e e t .  Six f e e t  of t h e  coalbed was 
d r i l l e d ,  and t h e  h o l e  te rmina ted  t h r e e  f e e t  below t h e  coalbed.  
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Table  10 shows t h e  e s t i m a t e d  r e s u l t s  expected f o r  t h e  s t i m u l a t i o n  
t r e a t m e n t  f o r  volumes of 5,000 and 10,000 g a l l o n s  of g e l l e d  w a t e r .  De-  
s i g n  1 w a s  chosen i n  o r d e r  t o  c o n t a i n  t h e  f r a c t u r e  w i t h i n  t h e  a r e a  of 
unmined c o a l .  

TABLE 10 - Designs f o r  S t i m u l a t i o n  of b o r e h o l e  USBM N o .  4 ,  
Washington County, PA (16) 

Product ion  .......................... f o l d  i n c r e a s e . .  
T o t a l  volume ................................. Mgal.. 
Pad Volume ................................... M g a l . .  
Propped f r a c t u r e  l e n g t h  ...................... f e e t . .  
Propped f r a c t u r e  h e i g h t  ........................ do. .  
V i s c o s i t y  ............................. c e n t i p o i s e s . .  
F r a c t u r e  w i d t h  ............................. i n c h e s . .  
Propping sand .................... 100-pound s a c k s . .  

.............................. f e e t . .  Created l e n g t h  i 

Design 1 Design 2 
10 .7  16.9 

5.0 10.0 
2 .0  2.0 
2 1 9  411 
5 . 0  5.2 
4.0 4.0 
0.22 0.22 

35 90 
387 662 

'Maximum l e n g t h  of induced f r a c t u r e  c r e a t e d  w i t h  and w i t h o u t  sand prop.  

On A p r i l  1 7 ,  1974, t h e  w e l l  w a s  t r e a t e d  through 2-318 i n c h  d i a m e t e r ,  
h i g h - p r e s s u r e  t u b i n g .  An open h o l e  packer  i n  t h e  t u b i n g  s t r i n g  w a s  set  
a t  585 f e e t  i n  a hard  format ion  t h r e e  f e e t  above t h e  coa lbed .  The 
t r e a t m e n t  used 7,300 g a l l o n s  of water c o n t a i n i n g  540 pounds of guar  gum, 
3,000 pounds of 10- t o  20-mesh s i z e  f l u o r e s c e n t - d y e - t r e a t e d  sand fol lowed 
by 500 pounds of 10- t o  20-mesh s i z e  r e g u l a r  sand.  

Two thousand g a l l o n s  of g e l l e d  f l u i d  were i n j e c t e d  i n t o  t h e  coalbed 
t o  f i l l  a l l  spaces  i n  t h e  coa lbed  around t h e  b o r e h o l e  and i n i t i a t e  t h e  
f r a c t u r e .  The format ion  "brokerr a t  500 p s i g .  
fol lowed w i t h  s u c c e s s i v e  i n j e c t i o n s  of 1 ,300  g a l l o n s  of sand-laden 
t r e a t i n g  f l u i d  a t  114 ppg sand c o n c e n t r a t i o n ,  650 g a l l o n s  a t  1 1 2  ppg, 
1 ,750 g a l l o n s  a t  314 ppg, and 1 ,350  g a l l o n s  a t  1 / 2  ppg sand c o n c e n t r a t i o n .  
The t u b i n g  w a s  c l e a r e d  of sand w i t h  250 g a l l o n s  of t r e a t i n g  f l u i d .  
A n  i n j e c t i o n  r a t e  of 10-1/2 bpm w a s  main ta ined  d u r i n g  t h e  t r e a t m e n t  
and t h e  i n j e c t i o n  p r e s s u r e  averaged 4587 p s i g .  A maximum i n j e c t i o n  
p r e s s u r e  of 1 ,700  p s i g  w a s  reached .  

The pad volume w a s  

On June 1 2 ,  1974, t h e  induced f r a c t u r e s  were i n t e r c e p t e d  by mining.  
Twenty f e e t  of v e r t i c a l  sand-propped f r a c t u r e  w a s  mapped a l o n g  t h e  f a c e  
c leat  d i r e c t i o n  w e s t  of t h e  b o r e h o l e  ( F i g u r e  25) .  The s a n d - f i l l e d  f r a c t u r e  
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ranged from 1 /8  t o  1 / 2  inch  i n  width,  extending from t h e  draw 
s la te  a t  t h e  top  of t h e  coalbed t o  t h e  mine f l o o r  (Figure 29) .  
Wide v e r t i c a l  f r a c t u r e s  were propagated t o  t h e  n o r t h  of t h e  borehole  
a long t h e  b u t t  cleat  d i r e c t i o n  (Figure 30) .  
t o  2-1/2 inches i n  width and w e r e  packed wi th  t h e  propping sand. 
extended from t h e  base  of t h e  draw s l a t e  t o  t h e  f l o o r .  

These f r a c t u r e s  were 1 / 2  
They 

It i s  est imated t h a t  t h e  f r a c t u r e s  extended 35 f e e t  o r  more i n t o  
t h e  coalbed i n  t h e  b u t t  cleat  d i r e c t i o n .  The f r a c t u r e s  w e r e  wider than  
expected, averaging two inches i n  width. The greater width of t h e  
f r a c t u r e s  w a s  be l ieved  caused by t h e  u s e  of t h e  heavi ly  ge l l ed  t r e a t i n g  
f l u i d  (75 pounds of guar gum pe r  1,000 g a l l o n s ) .  
number of t h i s  w e l l  on Table 3 i s  t t l O t ' .  

The i d e n t i f i c a t i o n  

I l l i n o i s  No. 6 Coalbed, J e f f e r s o n  County, I L  (16) 

A p a t t e r n  of f i v e  d e g a s i f i c a t i o n  boreholes  w a s  d r i l l e d  i n t o  t h e  
NO.  6 coalbed a t  t h e  In land  Steel  Co. mine, J e f f e r s o n  County, I L .  
The ho le s  were d r i l l e d  dur ing  June, 1972. The n i n e  inch  diameter  
ho le s  were d r i l l e d  wi th  a r o t a r y  d r i l l  and cased wi th  seven inch  diameter  
steel  cas ing  t o  wi th in  a few f e e t  of t h e  top of t h e  coalbed. The 
n o r t h e a s t  corner  ho le ,  No. 1 NE of t h e  p a t t e r n ,  w a s  s e l e c t e d  f o r  
hydraul ic  s t imu la t ion .  It w a s  d r i l l e d  t o  a t o t a l  depth of 743 f ee t  
and penet ra ted  n i n e  f e e t  of t h e  No. 6 coalbed. 

A hydrau l i c  s t imu la t ion  w a s  designed t h a t  would induce a f r a c t u r e  
wi th in  a 450 f o o t  r ad ius  from t h e  borehole ,  and remain t o t a l l y  contained 
wi th in  t h e  coalbed. Table 11 shows t h e  ca l cu la t ed  r e s u l t s  expected 
from t h r e e  s t imu la t ion  t reatment  des igns  f o r  f l u i d  volumes of 5,000, 
12,000 and 15,000 ga l lons .  Design 2 w a s  s e l e c t e d  f o r  t h e  s t imu la t ion  
t rea tment .  The coalbed w a s  s t imula ted  through a 2-3/8 inch  diameter 
high-pressure tub ing .  A packer i n  t h e  tub ing  s t r i n g  w a s  set i n  t h e  
cas ing  a t  a depth of 720 fee t ,  wi th  a t a i l p i p e  extending t o  t h e  middle 
of t h e  coalbed t o  a depth of 733 f e e t .  Twelve thousand ga l lons  of 
water w e r e  g e l l e d  wi th  240 pounds of guar gum t o  form a l i g h t  g e l  f l u i d .  
The g e l  f l u i d  and 6,400 pounds of 10- t o  20-mesh s i z e  propping sand 
were used i n  t h e  t rea tment .  
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FIGURE 29. - INDUCED FRACTURE IN FACE CLEAT OF 
PITTSBURGH COALBED. NOTE TERMINATION OF FRACTURE 

AT DRAW SLATE (16). 



FIGURE 30. - INDUCED SAND-FILLED FRACTURES IN BUTT 
CLEAT DIRECTION IN PITTSBURGH COALBED (16). 



TABLE 11 - Designs f o r  s t i m u l a t i o n  of b o r e h o l e  USBM NO. 1NE,  
J e f f e r s o n  County, I L .  ( 1 6 ) .  

Design 1 Pes ign  2 Design 3 -_ 
P r o d u c t i o n  ................ f o l d  i n c r e a s e . .  5 .5  7 . 5  8.0 
T o t a l  volume ........................ Mgal.. 5.0 12.0 15.0 
Pad volume ......................... Ifgal. .  2.0 2.0 2.0 
Propped f r a c t u r e  l e n g t h  ............ f e e t . .  140 305 3 9 1  
Propped f r a c t u r e  h e i g h t  .............. do..  6.9 6.9 7 . 1  
V i s c o s i t y  ................... C e n t i p o i s e s . .  6 6 7 
F r a c t u r e  w i d t h  ................... i n c h e s . .  0.17 0.20 0 . 2 2  
Propping sand ........... 100-pound s a c k s . .  26 64  101 
Created l e n g t h  ..................... f e e t . .  222 4 3 1  509 

A t o t a l  of 2,000 g a l l o n s  of g e l  f l u i d  w a s  i n j e c t e d  i n t o  t h e  coalbed 
t o  f i l l  a l l  spaces  around t h e  b o r e h o l e  and i n i t i a t e  t h e  f r a c t u r e .  The 
f o r m a t i o n  broke  a t  1,000 p s i g .  
i n j e c t i o n  r a t e  of 10 bpm. 
were s u c c e s s i v e l y  i n j e c t e d  i n t o  t h e  coa lbed:  3,000 g a l l o n s  a t  1 / 4  ppg 
sand c o n c e n t r a t i o n ;  2 , 0 0 0  g a l l o n s  a t  1 / 2  ppg; 1 , 8 0 0  g a l l o n s  a t  3 / 4  ppg; 
and t h e  f i n a l  3 , 2 0 0  g a l l o n s  a t  1 ppg. The a v e r a g e  i n j e c t i o n  p r e s s u r e  
w a s  900 p s i g ,  b u t  a maximum i n j e c t i o n  p r e s s u r e  of 1 ,000 p s i g  w a s  reached 
( F i g u r e  3 1 ) .  A f t e r  t r e a t m e n t ,  t h e  test h o l e  w a s  pu t  on g a s  and w a t e r  
p r o d u c t i o n .  Gas f l o l  $as measured t o  b e  4,300 c f d .  

The f r a c t u r e  w a s  propagated w i t h  a n  
The f o l l o w i n g  volumes of sand-laden g e l  f l u i d  

The induced vertical. f r a c t u r e  w a s  i n t e r c e p t e d  by mining i n  May, 
1 9 7 4 .  The induced f r a c t u r e  w a s  propagated i n  a d i r e c t i o n  of N 76' E 
from t h e  borehole .  It w a s  mapped a c r o s s  f o u r  e n t r i e s  of t h e  No. 11 
r i g h t  e n t r i e s  o f f  t h e  West main e n t r i e s  of t h e  mine ( F i g u r e  3 2 ) .  The 
Lnduced v e r t i c a l  f r a c t u r e  d i d  n o t  appear  t o  f o l l o w  t h e  d i r e c t i o n s  of t h e  
face o r  b u t t  c lea t ;  i t  fo l lowed a p a t h  s u b p a r a l l e l  t o  t h e  axis of a 
s m a l l  a n t i c l i n a l  f o l d  on t h e  f l a n k  of t h e  c o a l  b a s i n .  The s t i m u l a t i o n  
c r e a t e d  a s i n g l e  v e r t i c a l  f r a c t u r e  i n  t h e  coa lbed .  The f r a c t u r e  w a s  
mapped f o r  416 f e e t  from t h e  b o r e h o l e .  The sand-propped f r a c t u r e  
extended v e r t i c a l l y  from t h e  roof  s h a l e  t o  a hard  s h a l e  p a r t i n g  approx- 
i m a t e l y  two f e e t  from t h e  bottom of t h e  coa lbed .  The f r a c t u r e  w a s  seven 
feet i n  h e i g h t .  

The f r a c t u r e  could  be r e a d i l y  t r a c e d  a c r o s s  t h e  e n t r i e s  i n  t h e  roof  
c o a l .  It ranged from 1 / S  t o  3 / 8  i n c h  i n  wid th ,  a v e r a g i n g  approximate ly  
1 / 4  i n c h  ( F i g u r e s  3 3 - 3 6 ) .  
w a s  c r e a t e d  which w a s  f i l l e d  w i t h  sand.  
w a s  used d u r i n g  t h e  t r e a t m e n t .  The t h r e e  c u b i c  f e e t  d i f f e r e n c e  can 
b e  a t t r i b u t e d  t o  sand t h a t  s e t t l e d  i n  t h e  b o r e h o l e .  The excess sand 
w a s  removed from t h e  b o r e h o l e  immediately a f t e r  t r e a t m e n t .  
i s  d e s i g n a t e d  "No. 5" on Table  3 .  

Approximately 6 1  c u b i c  f e e t  of f r a c t u r e  volume 
S i x t y  f o u r  c u b i c  f e e t  of sand 

This  w e l l  
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FIGURE 31. - PRESSURE AND INJECTION RATE CHARTS 
DURING HYDRAULIC STIMULATION, USBM NO. 1 NE, 

JEFFERSON COUNTY, ILL, (16). 
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FIGURE 32. - INDUCED FRACTURE ORIENTATIONS AS 
RELATED TO MINE ENTRY DEVELOPMENT AT 

USBM NO. lNE,  JEFFERSON COUNTY, ILL. (16). 
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FIGURE 33. - TRACE OF SAND-FILLED INDUCED FRACTURE 
IN ROOF COAL OF MINE ENTRY AT POINT A 

ON FIGURE 32 (16). 
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FIGURE 34. - DETAIL OF INDUCEDFRACTURES IN ROOF 
COAL AND TERMINATION OF FRACTURE IN ROCK 

STRATA OVERLYING COALBED AT POINT A 
ON FIGURE 32 (16). 



FIGURE 35. = SAND-FILLED INDUCED FRACTURES IN RIB 
AND ROOF COAL AT POINT C ON FIGURE 32 (16). 
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FIGURE 36. = SAND-FILLED INDUCED FRACTURES IN RIB 
AND ROOF COAL AT POINT B ON FIGURE 32 (16). 
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STIMULATION USING FOAM 

Foam, used as a f r a c t u r i n g  f l u i d ,  is  a mixture  of l i q u i d ,  gas ,  
foaming s u r f a c t a n t ,  and proppant. The l i q u i d  used f o r  coalbed s t i m -  
u l a t i o n  i s  f r e s h  water. Various types  of s u r f a c t a n t  have been used, 
but  t h e  type  chosen must always be compatible wi th  t h e  water used 
so  as  t o  form a foam when mixed wi th  gas.  
t h e  most popular gas  used f o r  t r e a t i n g  coalbeds because i t  i s  gene ra l ly  
a v a i l a b l e  and i s  p r a c t i c a l l y  non-react ive wi th  c o a l  and c o a l ' s  a s soc ia t ed  
r e s e r v o i r  f l u i d s .  F igure  37 i l l u s t r a t e s  how t h e s e  bas i c  ing red ien t s  
are combined and then  i n j e c t e d  i n t o  a w e l l  dur ing foam s t imula t ion .  

Nitrogen i s  c u r r e n t l y  

The f i rs t  Government-sponsored foam s t imula t ion  of a coalbed w a s  
conducted i n  e a r l y  1976  ( see  Table 3 ) .  Since t h a t  t i m e ,  45 coalbed 
gas  dra inage  ho le s  have been t r e a t e d  using foam. A few of t h e  s p e c i f i c  
advantages of us ing  foam r a t h e r  than g e l l e d  f l u i d s  are: 

1. Foam possesses  inherent  q u a l i t i e s  which appear t o  decrease  
A s  a r e s u l t ,  t h e  amount of f l u i d  leak-off t o  t h e  coalbed (2) (36). 

t h e  number of "sand-outs" occurr ing  during coalbed s t imu la t ion  has 
been reduced by more than  50%. 

2. Foam t rea tments  do not  r e l y  on heavy g e l s  t o  c a r r y  proppant 
dur ing  s t imu la t ion  s i n c e  t h e  foam i t s e l f  has s u f f i c i e n t  proppant 
ca r ry ing  capac i ty  (A) (36). Problems a s soc ia t ed  wi th  proper  propor t ion ing ,  
mixing, i n j e c t i o n ,  and breakdown of g e l s  are thus  avoided e n t i r e l y .  

3 .  Foam t rea tments  are very c l ean  i n  t h a t  most s t imu la t ion  f l u i d s  
are removed from t h e  coalbed i n  less than one day. This  s h o r t  exposure 
t i m e  l i m i t s  t h e  p o s s i b i l i t y  of harmful r eac t ions  wi th  t h e  coalbed 
r e s e r v o i r  system ( L ) ,  which could reduce f rac ture-conduct iv i ty  o r  cause 
formation damage. 

4 .  The l o g i s t i c a l  advantages of using foam are s i g n i f i c a n t .  
On-site water requirements ,  f o r  example, are about 60-80% less using 
foam when compared t o  similar volume s i z e  g e l  t rea tments .  
l i q u i d  conten t  of foam reduces hydraul ic  horsepower necessary f o r  
i n j e c t i o n  and thus ,  smaller pumping u n i t s  are requi red  f o r  s t imu la t ion .  
Such reduced on-s i te  s to rage  and equipment s i z e  requirements a l s o  
minimize c o s t s  f o r  w e l l  s i t e  c l e a r i n g  opera t ions .  

The low 
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FIGURE 37. = SCHEMATIC SHOWING SURFACE 
REQUIREMENTS- OF FOAM-TYPE STIMULATION TREATMENTS. 
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5. I n j e c t i o n  rates f o r  foam can  b e  10 bpm o r  less 9 / .  Within 
a r e c e n t l y  completed g r i d  p a t t e r n ,  f o r  example, 15 wellswere each 
s t i m u l a t e d  s u c c e s s f u l l y  w i t h  50,000 g a l l o n s  of foam u s i n g  a s i n g l e  
s m a l l  pump t r u c k  normally used f o r  cementing work (27). 
u n i t  used a l i q u i d  i n j e c t i o n  ra te  of o n l y  2.5 bpm t o  t h e  1,000 f o o t  deep 
coa lbed .  A f t e r  adding n i t r o g e n  and s u r f a c t a n t ,  t h e  volume of foam 
i n j e c t e d  w a s  i n c r e a s e d  t o  10 bpm. 

This  pumping 

The fo l lowing  case s t u d i e s  summarize some of t h e  more s i g n i f i c a n t  
work completed by Government r e s e a r c h  s i n c e  t h e  t i m e  foam was f i r s t  
i n t r o d u c e d  i n t o  coalbed s t i m u l a t i o n  d e s i g n .  This  s e c t i o n  is s imi l a r  
t o  t h e  proceeding  g e l l e d  f l u i d  case s t u d i e s  i n  t h a t  it i n c l u d e s  
d e s c r i p t i o n s  of a l l  foam s t i m u l a t e d  b o r e h o l e s  exposed t h u s  f a r  by mining. 

P i t t s b u r g h  Coalbed, Greene County, PA (37) 

The f i r s t  coa lbed  t o  b e  foam-stimulated as a p a r t  of a Government 
sponsored test w a s  t h e  P i t t s b u r g h  coa lbed  i n  e a r l y  1976 on t h e  Emerald 
Mine p r o p e r t y ,  Greene County, PA. 10/ The s u c c e s s  which r e s u l t e d  from 
t h e  i n i t i a l  test t r e a t m e n t  encouraged mine d e v e l o p e r s  t o  complete  a 
s m a l l  p a t t e r n  of e i g h t  d e g a s i f i c a t i o n  wells ( F i g u r e  38) ,  seven  of which 
were s t i m u l a t e d  u s i n g  foam ( s e e  Table  3 ,  w e l l  Nos. 21 ,22 ,24 ,25 ,27 ,28 ,30) .  

The seven  w e l l s  were r o t a r y  d r i l l e d  t o  about  40 f e e t  below t h e  
P i t t s b u r g h  coalbed t o  p r o v i d e  a sump f o r  water accumula t ion .  The 6-1/4 
i n c h  d iameter  w e l l s  were cased  w i t h  4-1/2 i n c h  d iameter  c a s i n g  t h a t  w a s  
cemented t o  t h e  s u r f a c e .  A d r i l l a b l e  format ion  packer  shoe  w a s  set 
i n  s h a l e  above t h e  main c o a l  bench of t h e  P i t t s b u r g h  coalbed l e a v i n g  
t h e  coa lbed  and t h e  u n d e r l y i n g  sump open t o  t h e  w e l l b o r e .  

Each of t h e  seven foam t r e a t m e n t s  used a n  a v e r a g e  of 8 ,200 g a l l o n s  
of water, f i v e  g a l l o n s  of foaming a g e n t  ( s u r f a c t a n t )  p e r  1,000 g a l l o n s  of 
water, 11,100 pounds of 10 t o  20 o r  20 t o  40 mesh s i z e d  prop sand ,  and 
300,000 stcl c u b i c  f e e t  of n i t r o g e n .  

- 9 /  Measured sand s e t t l i n g  v e l o c i t i e s  i n  foam are g e n e r a l l y  much less 
t h a n  s e t t l i n g  v e l o c i t i e s  i n  water o r  most g e l s .  I n  f a c t ,  t h e  
a b i l i t y  f o r  foam t o  c a r r y  proppant  i n c r e a s e s  as f low v e l o c i t y  
( i n j e c t i o n  r a t e )  d e c r e a s e s  (2). The u s e  of compara t ive ly  low 
i n j e c t i o n  rates i s  t h e r e f o r e  recommended when pumping foam. 

- l o /  The f i r s t  recorded  foam-s t imula t ion  of t h e  P i t t s b u r g h  coalbed took  
p l a c e  March 2 4 ,  1976, n e a r  t h e  Loveridge Mine (Consol ida ted  Coal 
Company), Marion County, West V i r g i n i a .  
experiment  i s  inc luded  i n  a p u b l i c a t i o n  e n t i t l e d :  Hydraul ic  
S t i m u l a t i o n  of t h e  P i t t s b u r g h  Coal Seam: A CASE STUDY, by R .  L.  
Eazza,  Proccedings  from Methane Recovery from Coalbeds Symposium 
sponsored by t h e  Department of Energy i n  P i t t s b u r g h ,  PA, A p r i l  18-20, 1979 

Informat ion  r e g a r d i n g  t h i s  
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FIGURE 38. - PATTERN OF EIGHT DEGASlFlCATlON 
WELLS LOCATED ON EMERALD MINE PROPERTY, 

GREENE CO., PA. (37). 
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Each t rea tment  began wi th  about 900 gal lons  of water (water pad) 
followed by 600 ga l lons  of foam. The amount of sand added t o  t h e  foam 
w a s  increased  g radua l ly  as a precaut ion  a g a i n s t  a "sand-out"; t h e  
i n j e c t i o n  ra te  w a s  a l s o  g radua l ly  increased .  
w i th  a f l u s h  of foam t o  push t h e  sand i n t o  t h e  coalbed. Sand ' tscreenoutsI '  
occurred dur ing  fou r  of t h e  t rea tments .  

The t r ea tmen t s  were completed 

A f t e r  t r ea tmen t ,  t h e  wells were allowed t o  flowback as soon as 
p o s s i b l e .  Flowback of t h e  w e l l s ,  immediately a f t e r  treatment, produced 
enough water t o  account f o r  t h e  t rea tment  f l u i d  p lus  some a d d i t i o n a l  
formation of water. 

A f t e r  flowback, t h e  w e l l s  were equipped wi th  sucker  rod pumps (84  
t o  lOO-bbl/day c a p a c i t i e s ) .  
us ing  an  o r i f i c e  meter (Table 1 2 ) .  

Gas product ion w a s  measured i n t e r m i t t e n t l y  

TABLE No. 12 - Gas product ion measured from d e g a s i f i c a t i o n  
boreholes  a t  Emerald Mine, Greene County, PA ( 3 7 )  

D a t e  Tested Gas Product ion,  sc fd  
Je l l  No. 1 3 4 5 6 7 8 11* 

09-24-76 - - 940 20-30,000 120,000 10,800 - ....... 
10-01-76 ....... 14,000 
10-29-76 ....... 19,500 
11-10-76 ....... 25,200 
12-14-76 ....... 
01-08-77 ....... 
01-26-77 ....... - 
02-08-77 ....... 10,400 
03-28-77 ....... 9,100 
03-29-77 ....... - 
08-31-77 ....... 1,070 
09-07-77 ....... 1,080 
09-14-77 ....... 2,430 
09-19-77 ....... 2,730 
10-13-77 ....... 2,720 
10-20-77 ....... 3,060 
10-27-77 ....... 3,060 
02-01-78 ....... 1,800 
06-02-78 ....... - 
07-20-78 ....... - 
09-11-78 ....... 625 
10-26-78 ....... - 

- 
- 

7 ,500  

16 ,800 
16 ,700 
23,300 
24,500 
42,000 

- 

- 
- 
- 

41,400 
39,800 
39,800 
44,400 
28,200 
15,200 - 

- 
30,000 
17 ,500 

1,000 
800 
- 

- 
- 
- 
- 
- 

40,000 - 
- 

16,000 
7,090 
7,470 
8 ,840 

3,510 
3,510 

- 

- 
- 
- 
- 
- 
- 

- 2- 8 ,000 
14,000 10,000 

18,100 - 
100,000 - 
100,000 - 

117,000 800 

- 100-34,000 

- - 
- - 

79,800 - 
86,400 100,000 
81,900 86 ,400 
69 , 700 69,700 
61,100 64,100 
72,300 61,100 
74,800 61,100 

- 59,000 
- 82,000 

- 24,400 
- - 

- - 

122,000 
140,000 

- 
- 

105,000 
58,000 - 

- 
- 

44,400 
44,400 

29,900 
25,200 
25,900 
25,200 
13,000 
28,000 
14 ,400 

5,800 

- 

- 

10,800 
21,000 

18 ,200 
8 ,100 
8 ,390 

- 

- 
- 

19,000 
3,510 
3,510 
3,140 
4,700 
3,220 
3,140 
3,140 
2,700 
2,000 - 
- 
- 

- 
- 
- 
- 
- 
- 
- 
- 
- 

1,400 
44,400 
62 , 800 
86,700 
72,300 
74,800 
66,900 
57,000 
20,400 
16 ,500 
16,000 

8,000 
11-19-78 ....... - - - - - - 3,000 

*Stimulated us ing  a pressurization/depressurization water f r a c  technique  r e f e r r e d  
t o  as  " K i e l  Frac". 

- 97 - 



Induced f r a c t u r e s  were l a t e r  examined underground a f t e r  mining 
ope ra t ions  had passed near  o r  through t h r e e  of t h e  seven foam s t imula ted  
borehole  test  sites. The sand-propped f r a c t u r e s  observed were o r i en ted  
both v e r t i c a l l y  and ho r i zon ta l ly .  

Hor izonta l  f r a c t u r e s  were recorded t o  be present  a t  two of t h e  w e l l  
s i tes,  EM-5 and EM-6. A t  EM-5, a well-developed, 1/8 t o  1 / 4  inch  t h i c k  
sand- f i l l ed  ho r i zon ta l  f r a c t u r e  w a s  found- present  between t h e  s i x  foo t  
t h i c k  main c o a l  bench and an over ly ing  hard draw s la te  u n i t .  
f r a c t u r e  extended approximately 50 f e e t  from t h e  EM-5 wel lbore l o c a t i o n .  
A t  EM-6, h o r i z o n t a l  f r a c t u r e s  were present  w i th in  two coal / roof  s la te  
boundary areas. One was about 1 / 4  t o  1 / 2  inch  t h i c k ,  and w a s  contained 
a long  t h e  lower boundary of t h i n  (8 t o  10 inches)  r i d e r  c o a l  u n i t .  
The o the r  h o r i z o n t a l  f r a c t u r e  w a s  p resent  along t h e  top of t h e  main 
c o a l  bench and w a s  about 1 / 2  inch  th i ck .  Hor izonta l  (and inc l ined )  
f r a c t u r e s  extended a t  least 10 f e e t ,  and a t  most 80 f e e t ,  from t h e  underground 
l o c a t i o n  of EM-6. 

The 

V e r t i c a l  f r a c t u r e s  were measured a t  a l l  t h r e e  of t h e  w e l l s  (EM-5, 
EM-6, and EM-7). A t  EM-5, t h e s e  p a r t i a l l y  sand-f i l l ed  f r a c t u r e s  were 
t raced  150 f e e t  from t h e  w e l l ' s  underground l o c a t i o n  and ranged i n  
width from h a i r l i n e  t o  about 1-112 inches.  V e r t i c a l  f r a c t u r e s  from 
EM-6 were up t o  2-1/2 inches wide, p a r t i a l l y  sand- f i l l ed ,  and were 
t raced  a t o t a l  d i s t a n c e  of only 20 f e e t .  
induced sand-propped f r a c t u r e s  could not  be determined s i n c e  t h e  f r a c t u r e s  
extending from EM-6 entered c o a l  p i l l a r s  p resent  on both s i d e s  of t h e  
w e l l .  This  meant t h a t  t h e  maximum l i n e a r  ex tens ion  of t h e s e  sand- f i l l ed  
f r a c t u r e s  w a s  less than  170 f e e t  from t h e  w e l l  s i t e .  A t  EM-7, v e r t i c a l  
f r a c t u r e s  were from 114 t o  112  inches wide and could be observed f o r  
a d i s t a n c e  of only 18 f e e t  before  t h e  f r a c t u r e  en tered  a c o a l  p i l l a r .  
Maximum extens ion  of v e r t i c a l  f r a c t u r e s  from EM-7 w a s  ca l cu la t ed  t o  
have been less than  120 f e e t  from t h e  wel lbore.  

The a c t u a l  d i s t a n c e  of 

A l l  t h e  induced f r a c t u r e s  observed underground a t  Emerald Mine 
were developed along w h a t  was determined t o  be t h e  c o a l ' s  face c l e a t  
d i r e c t i o n .  

No evidence w a s  found t o  i n d i c a t e  t h a t  v e r t i c a l l y  induced f r a c t u r e s  
had penet ra ted  t h e  roof o r  f l o o r  rock material except a t  EM-6 where 
a 1 / 4  t o  112  inch  wide, p a r t i a l l y  sand- f i l l ed  f r a c t u r e  w a s  found t o  
extend i n t o  t h e  s h a l e  rock roof .  A s  noted earlier,  ho r i zon ta l ly  o r i en ted  
f r a c t u r e s  were a l s o  observed i n  areas of t h e  roof above t h e  main c o a l  
bench. Figures  39 and 40 i l l u s t r a t e  t h e  o r i e n t a t i o n  and p o s i t i o n  of 
t h e  induced f r a c t u r e s  observed a t  EM-5 and EM-6. 

Mary Lee Coalbed, J e f f e r son  County, AL (26) 

Two test w e l l s  were completed approximately 950 f e e t  and 1,010 
feet  away from a mine opera t ing  a t  a depth of about 1,100 f e e t  i n  t h e  gassy 
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FIGURE 39. - POSITION AND ORIENTATION OF 
THE INDUCED FRACTURES OBSERVED NEAR 
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FIGURE 40. POSITION AND ORIENTATION OF THE 
INDUCED FRACTURES OBSERVED NEAR 
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Mary L e e  Coalbed. 
Well N o s .  36 and 42) were r o t a r y  d r i l l e d  t o  30 and 15 f e e t  r e s p e c t i v e l y ,  
below t h e  f ive- foot  t h i c k  lower bench of t h e  Mary Lee Coalbed. 
ho le s  were geophys ica l ly  logged and then  cased from t h e  top  of t h e  
coalbed t o  t h e  s u r f a c e  us ing  a cement packer shoe. 
and cement baske t s  w e r e  used t o  c o r r e c t l y  p o s i t i o n  t h e  cas ing  and 
minimize t h e  weight of t h e  cement nea r  t h e  base  of t h e  cas ing .  

The two w e l l s  des igna ted  TW3 and TW4 ( s e e  Table  3 ,  

Both 

Casing c e n t r a l i z e r k  

An a b r a s i v e  j e t t i n g  device ,  f i xed  t o  s m a l l  d iameter  tub ing  w a s  
used t o  c u t  v e r t i c a l  s l o t s  i n t o  t h e  exposed coalbed (lower bench).  
J e t t i n g  des ign  c a l l e d  f o r  a n i t rogen  gas  and 20-to 40-mesh s i z e  sand-water 
s l u r r y  t o  c u t  t h e  v e r t i c a l  ho le s  i n t o  t h e  coa l .  Three s l o t s  spaced 
120 degrees  a p a r t ,  w e r e  c u t  a t  TW3 and two s l o t s ,  spaced 180 degrees  
a p a r t ,  w e r e  c u t  a t  TW4. 

The coalbed w a s  then s t imula ted  us ing  foam (75 percent  n i t r o g e n ,  
25 percent  water)  t o  c a r r y  sand proppant.  
g a l l o n s  foam, 10,000 pounds 80-to 100-mesh s i z e  sand (used as a f l u i d -  
loss a d d i t i v e ) ,  and 15,000 pounds of 20-to 40-mesh s i z e  sand proppant.  
The o r i g i n a l  t rea tment  des ign  f o r  TW4 w a s  i d e n t i c a l  t o  t h a t  used a t  TW3. 
S t imula t ion  procedures  w e r e  stopped e a r l y  a t  TW4 when foam con ta in ing  
sand w a s  observed coming t o  t h e  s u r f a c e  around t h e  w e l l  cas ing .  AS 
a r e s u l t ,  t o t a l  volumes of materials used a t  TW4 were approximately 
12,200 g a l l o n s  foam, 10,000 pounds of 80-to 100-mesh sand and 2,500 
pounds of 20-to 40-mesh sand. 

TW3 w a s  t r e a t e d  us ing  20,600 

The i n i t i a l  p r e s s u r e  "break" occurred a t  both w e l l s  about 750 p s i g  
wh i l e  t r e a t i n g  p r e s s u r e s  were approximately 1,400 p s i g .  
a t  TW3 and TW4 averaged 10 bpm. 
inch  diameter  tub ing  wi th  a packer set i n  cas ing  nea r  t h e  bottom of t h e  
hole .  

I n j e c t i o n  rates 
Both w e l l s  were t r e a t e d  through a 2-3/8 

The w e l l s  were allowed t o  flow back immediately fol lowing s t i m u l a t i o n  
through a s m a l l  d iameter  choke n ipp le .  I n  t h i s  manner, downhole flow 
v e l o c i t y  w a s  r e s t r i c t e d ,  minimizing t h e  p o s s i b i l i t y  of ca r ry ing  l a r g e  
amounts of proppant back t o  t h e  wel lbore .  TW3 was allowed t o  

allowed t o  "blow back" water and gas without  t h e  u s e  of a pump 
throughout t h e  l i f e  of t h e  w e l l .  
w e l l s  w e r e  equipped wi th  meters t o  monitor product ion.  

blow back" f o r  approximately seven days a f t e r  s t imu la t ion .  TW4 w a s  I 1  

A pump w a s  i n s t a l l e d  a t  TW3 and both 

The Mary L e e  coalbed is comprised of two benches i n  t h e  a r e a  of 
Oak Grove (8) .  The lower bench i s  t h e  t h i c k e r  of t h e  two and i s  t h e  
c o a l  u n i t  mined. 
p a r t i n g s ,  and occurs  about seven f e e t  above t h e  lower c o a l .  A p lan  t o  
s t i m u l a t e  t h e  upper c o a l  bench w a s  implemented a t  TW3 approximately 
seven months a f t e r  s t i m u l a t i o n  of t h e  lower c o a l  u n i t .  

The upper bench is  t h i n ,  con ta ins  s e v e r a l  s h a l e  
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The upper  bench w a s  r e l o c a t e d  through c a s i n g  u s i n g  a Gamma r a y  - 
n e u t r o n  l o g  and t h e n  p e r f o r a t e d  w i t h  shaped charges .  The c o a l  w a s  t h e n  
s t i m u l a t e d  through tubing  u s i n g  5,000 g a l l o n s  of foam, 3,400 pounds of 
80 t o  100 mesh s i z e  sand,  and 3,600 pounds of 20 t o  40 mesh s i z e  g l a s s  
beads.  Formation "break" w a s  recorded  t o  be 600 p s i g .  
rate w a s  5 bpm. 

Average i n j e c t i o n  

T e s t  W e l l  No. 3 w a s  p u t  i n t o  p r o d u c t i o n  on December 2 0 ,  1976 
( F i g u r e  4 1 ) .  An i n i t i a l  p e r i o d  of r a t h e r  uns teady ,  b u t  g e n e r a l l y  h i g h  
d a i l y  g a s  f lows  is  a t t r i b u t e d  t o  several unloading  e p i s o d e s  similar t o  
t h o s e  d e s c r i b e d  earlier by Lambert and T r e v i t s  (23). 
w e l l  soon became less erratic b u t  g e n e r a l l y  d e c l i n e d  from over  140,000 
c f d  t o  50,000 c f d  a f t e r  55 days of moni tor ing .  
TW3 a l s o  d e c l i n e d  d u r i n g  t h i s  p e r i o d  from over  7 5  bpd t o  13 bpd. 
t h e  n e x t  1 6 1  days  of p r o d u c t i o n ,  g a s  rates i n c r e a s e d  g r a d u a l l y  t o  
85,000 c f d  w h i l e  water f low dropped o n l y  s l i g h t l y  t o  10 bpd. 
216 days of p r o d u c t i o n ,  t h e  g a s  f low w a s  s topped by f l o o d i n g  t h e  w e l l  
w i t h  water t o  a l l o w  f o r  s t i m u l a t i o n  of t h e  upper  bench of c o a l .  
o p e r a t i o n s  resumed 25 days l a te r .  This  t i m e ,  water p r o d u c t i o n  exceeded 
7 5  bpd f o r  seven days  and t h e n  decreased  t o  18 bpd d u r i n g  t h e  l a s t  
30 d a y s  of product ion .  Gas f lows  from t h e  w e l l  r o s e  t o  45,000 c f d  
as water f low decreased .  The complete p r o d u c t i o n  h i s t o r y  of TW3 i s  shown 
on F i g u r e  42 .  F i g u r e  4 3  shows g a s  p r o d u c t i o n  from 'IW1. 
g a s  f low from TW4 d u r i n g  t h e  i n i t i a l  "product ion" p e r i o d  i n d i c a t e d  
a rate of over  180,000 c f d .  Twenty-three days a f t e r  s t i m u l a t i o n ,  
measurements u s i n g  a n  o r i f i c e  and a manometer showed d a i l y  g a s  product ion  
t o  be 183,000 c f d .  A meter, i n s t a l l e d  a t  TW4 s e v e r a l  days l a t e r ,  
i n d i c a t e d  t h a t  d a i l y  g a s  f lows were v e r y  h i g h  b u t  somewhat e r r a t i c .  
Flows averaged about  150,000 c f d  u n t i l  a s h a r p  drop occurred  around 
October 1, 1977. 
b e f o r e  t h e  w e l l  w a s  plugged. 

G a s  f low from t h e  

Dai ly  water f low from 
During 

A f t e r  

Pumping 

E s t i m a t e s  of 

Gas rates had d e c l i n e d  t o  about  40,000 c f d  t h e  day 

It i s  impor tan t  t o  remember t h a t  TW4 was never  equipped w i t h  a 
pump t o  remove water from t h e  w e l l b o r e ,  which e x p l a i n s ,  i n  p a r t ,  t h e  
e r r a t i c  n a t u r e  of t h e  c u r v e  shown on F i g u r e  43 .  Also, p o r t i o n s  of 
T e s t  Well No. 3 g a s  and water product ion  (shown on F i g u r e  4 3 )  i n d i c a t e  
t h a t  each test w e l l  a f f e c t e d  t h e  o t h e r ' s  p r o d u c t i o n .  
accounts  f o r  some of t h e  e r r a t i c  product ion  from TW4. 

This a g a i n ,  

The composi t ion of gas  produced from TW3 and TW4 i s  shown on 
Table  13. 
i n d i c a t e s  t h a t  o n l y  a s m a l l  p e r c e n t a g e  of t h e  n i t r o g e n  used t o  s t i m u l a t e  
t h e  w e l l  remained i n  t h e  c o a l  a t  t h i s  t i m e .  S i m i l a r i l y ,  g a s  produced 
from TW4 conta ined  less t h a n  seven p e r c e n t  n i t r o g e n  a n  a lmost  93 p e r c e n t  
methane only  two days a f t e r  t h e  w e l l  w a s  s t i m u l a t e d .  

Analys is  of g a s  samples two days a f t e r  TW3 w a s  pu t  on p r o d u c t i o n  

- 102  - 



FIGURE 41. = POSITION OF TW3 AND lW4 IN 
RELATION TO ACTIVE MINING AT THE TIME WHEN 

BOREHOLE PRODUCTION WAS INITIATED (26). 
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FIGURE 42. - PRODUCTION CURVES FOR TW3 (26). 
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FIGURE 43. - PRODUCTION CURVES FOR TW4 AND 
PORTIONS OF lW3 (26). 
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TABLE 13 - Gas Analyses from TW3 and TW4 (26) 

Date Gas Percent  gases  i n  sample 
sampled C 0 2  H2 C2H6 C3H8 C4H10 Remarks CH4 co 02 N2 

11 /21 /76  - w e l l  s t imula ted  
12120176 - w e l l  pu t  on product ion 
12/22/76 0.03 0.42 4 . 5  no 
01/14/77 0.02 0.06 2.3 no 
02/15/77 0.02 0.08 2 .0  no 
07/18/77 0.03 0.06 1 . 6  no 
07/18/77 0.03 0.06 3.2 no 
07/18/77 0.03 0.10 6 .5  no 
07/19/77 0.03 0.08 2.5 no 
09/13/77 0.03 0.03 1 .9  no 

07/18/77 - w e l l  s t imula ted  
07/18/77 - w e l l  pu t  on product ion 
07/20/77 0.06 0.50 6.7 no 
08/10/77 0.02 0.04 1.1 no 
09/13/77 0.02 0.05 0.09 no 
10/16/77 0.02 0.06 1.1 no 
10/17/77 0.02 0.10 1 .2  no 

94.6 no 
97.6 no 
97.9 no 
98.3 no 
96.7 no 
93.4 no 
97.4 no 
98.1 no 

0.0030 
0.0083 
0.0058 
0.0043 
0.0044 
0.0046 
0.0052 
0.0067 

0.0001 
no 
no 
no 
no 
no 
no 
no 

no 
no 

no 10:20 a . m . *  
no 3:22 p.m.* 
no 4:54 p.m.* 
no 
no 

0.0001 

92.8 no 0.0049 no no 
98.8 no 0.0008 0.0002 no 

no no 90.0 no 0.0067 
no no 98.9 no 0.0061 
no no 98.7 no 0.0074 

* T e s t  Well No. 4 ,  510 feet  away from T e s t  Well No. 3 ,  w a s  foam s t imula ted  
from 2:14 p.m. t o  2:42 p.m. on J u l y  18. 
from TW3 s h o r t l y  after.  

Note t h e  i n c r e a s e  i n  N 2  gas  produced 
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A f t e r  TW3 and TW4 w e r e  mined through,  a n  underground s t u d y  w a s  
conducted t o  d e t e r m i n e  if t h e  foam-induced f r a c t u r e s  had propagated  i n  
d i r e c t i o n s  which correspond t o  t h e  area's coal c lea t  and rock  j o i n t  
t r e n d s .  Tc do t h i s ,  a n  area of t h e  mine n e a r  TW3 and TW4 w a s  d i v i d e d  
i n t o  2 3  s t a t i o n s  as shown on F i g u r e  4 4 .  Compass measurements were 
made of a l l  v i s i b l e  roof  j o i n t s  and a t  least  15 c o a l  c lea ts  w i t h i n  
each s t a t i o n .  D i r e c t i o n  of a l l  s t i m u l a t e d  f r a c t u r e s  c o n t a i n i n g  propping 
a g e n t ,  f l u i d - l o s s  material ,  o r  cement w e r e  a l s o  measured. All measure- 
ments w e r e  a d j u s t e d  f o r  magnet ic  d e c l i n a t i o n  and t h e n  p l o t t e d  as r o s e  
diagrams.  F i g u r e  45 i s  a composi te  r o s e  diagram f o r  t h e  e n t i r e  area. 
The a v e r a g e  d i r e c t i o n  of t h e  s t i m u l a t e d  f r a c t u r e s  w a s  found t o  b e  
N 67' E ,  w h i l e  t h e  average  roof  j o i n t  d i r e c t i o n  i n  t h e  n o r t h e a s t  
quadrant  w a s  M 66' E. The c o a l  c lea t  d i r e c t i o n  ( f a c e  c l e a t )  averaged 
N 55O E. 

F i g u r e  46 i s  a p l a n  view of t h e  mine showing t h e  test w e l l  l o c a t i o n s  
and t h e  t r a c e a b l e  l e n g t h s  of t h e  f r a c t u r e s  induced by s t i m u l a t i o n .  
Coalbed f e a t u r e s ,  such as h i g h l y  s l i c k e n s i d e d  " r o l l "  areas and s l i g h t  
s t r u c t u r a l  d i sp lacements  a re  a l s o  noted  on F i g u r e  4 6 .  

Propagated f r a c t u r e s  examined were v e r t i c a l ,  t y p i c a l l y  beginning  as 
a h a i r l i n e  c r a c k  about  t h r e e  f e e t  up from t h e  b a s e  of t h e  c o a l ,  and g r a d u a l l y  
widened t o  approximately 3/16 inch  a t  t h e  t o p  of t h e  c o a l .  The f r a c -  
t u r e s  cont inued  upward a t  t h e  same t h i c k n e s s  f o r  a n  undetermined d i s t a n c e  
i n t o  t h e  r o o f .  

Cement used t o  se t  c a s i n g  w a s  c o n t a i n e d  w i t h i n  t h e  same v e r t i c a l  
p l a n e  as t h e  sand and extended up t o  80 f e e t  from t h e  w e l l b o r e s .  
Examination of samples of t h i s  cement showed i t  t o  c o n t a i n  s e v e r a l  c o a l  
p a r t i c l e s  b u t  no sand .  

A l a r g e  q u a n t i t y  of c a s i n g  cement w a s  found below t h e  packer  shoe  
a t  TW4. 
s l o t s ,  each f i v e  i n c h e s  wide were c u t  from n i n e  t o  1 2  i n c h e s  i n t o  t h e  c o a l .  
The o r i e n t a t i o n  of t h e s e  s l o t s  w a s  found t o  be approximate ly  90 d e g r e e s  
t o  t h e  s t i m u l a t e d  f r a c t u r e .  
t h e  t i m e  of t h e  underground s t u d y  so i t  w a s  imposs ib le  t o  make similar 
i n s p e c t i o n s  of t h e  packer  and j e t t e d  s lo t s .  

Cement covered most of t h e  coalbed except  where t h e  two 

TW3 had n o t  been i n t e r c e p t e d  d i r e c t l y  a t  
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FIGURE 44. = SURVEY STATIONS DIVIDING AREA 
OF MINE NEAR TW3 AND TW4 (26). 
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FIGURE 45. - COMPOSITE ROSE DIAGRAM OF TW3 AND TW4 
SURVEY AREA SHOWING CLEAT, ROOF JOINT, 

AND INDUCED FRACTURE DIRECTIONS. 
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FIGURE 46. - PLAN VIEW OF MINE SHOWING TW3 AND TW4 
LOCATIONS, TRACEABLE INDUCED FRACTURES AND OTHER 

FEATURES AS OBSERVED UNDERGROUND (26). 
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Smal le r -s ized  sand (80 t o  100 mesh) w a s  found t o  make up over  
90% of t h e  s t i m u l a t i o n  material w i t h i n  t h e  coa lbed .  Examination of 
sand t a k e n  from the roof showed i t  w a s  mos t ly  the 20 t o  40 mesh s i z e .  
No ev idence  of t h e  g l a s s  beads used t o  s t i m u l a t e  t h e  upper  bench a t  
TW3 could  b e  found. 

Mary L e e  Coalbed, J e f f e r s o n  County, Alabama - Case I1 (27) 

The l a r g e s t  scale a p p l i c a t i o n  of foam s t i m u a t i o n  w a s  completed 
i n  t h e  1,100 f o o t  deep,  f i v e  f o o t  t h i c k ,  lower bench of t h e  Mary L e e  
Coalbed n e a r  Oak Grove, Alabama, J u l y  t h r u  November, 1977. F i f t e e n  of 
17 coalbed g a s  d r a i n a g e  w e l l s ,  w i t h i n  a c l o s e l y  spaced g r i d  p a t t e r n  
( F i g u r e  4 7 ) ,  w e r e  t r e a t e d  u s i n g  an  average  of 48,200 g a l l o n s  of foam 
(25% w a t e r ) .  S p e c i f i c a t i o n s  f o r  each of t h e s e  t r e a t m e n t s  are  inc luded  
on T a b l e  3 ,  Well Nos. 4 3 ,  and 47 t h r u  60. 

One o f  t h e  more noteworthy f a c t s  about  t h e  Oak Grove w e l l  
s t i m u l a t i o n s  i s  t h a t  not: a s i n g l e  "sand-out" o c c u r r e d  d u r i n g  any of 
t h e  15 foam t r e a t m e n t s .  The absence  of sand-outs g e n e r a l l y  i n d i c a t e s  
t h a t  l i t t l e  f l u i d  leak-off  o c c u r r e d  d u r i n g  these t r e a t m e n t s .  It 
i s  n o t  c l e a r l y  understood whether  f l u i d  leak-off  w a s  ex t remely  
w e l l - c o n t r o l l e d  due t o  t h e  i n c l u s i o n  of a p a r t i c u l a r  t y p e  of p h y s i c a l  
f l u i d - l o s s  c o n t r o l  a g e n t  11/ t h a t  w a s  mixed w i t h  t h e  f i r s t  20,000 
g a l l o n s  of  foam pumped in= each of t h e s e  w e l l s  o r  because t h e  foam 
i t s e l f  possessed  h i g h l y  e f f i c i e n t  f l u i d - l o s s  c a p a b i l i t i e s  ( 2 ) .  The 
f a c t  t h a t  t h e  las t  two w e l l s  s t i m u l a t e d  (Nos. 59 and 60 on T a b l e  3)  
w e r e  t r e a t e d  s u c c e s s f u l l y  u s i n g  up t o  75% less of +%e f l u i d - l o s s  a g e n t  
s u g g e s t s  t h a t  t h e  foam i t s e l f ,  w a s  n o t  v e r y  s u s c e p t i b l e  t o  l e a k - o f f .  
It i s  now thought  t h a t  f u t u r e  foam t r e a t m e n t s  i n  this area w i l l  r e q u i r e  
only  v e r y  s m a l l  amounts o f ,  o r  no a d d i t i o n a l ,  a d d i t i v e s  t o  c o n t r o l  
f l u i d - l o s s  . 

Flowback a f t e r  s t i m u l a t i o n  of each  of t h e  15 w e l l s  t y p i c a l l y  
l a s t e d  less t h a n  24 hours .  During t h i s  t i m e ,  most of t h e  f l u i d  used 
t o  treat t h e  w e l l s  w a s  brought  t o  t h e  s u r f a c e .  The w e l l b o r e s  were 
t h e n  c leaned  o u t  and equipped w i t h  pumps t o  remove water, and meters 
t o  monitor  p r o d u c t i o n .  

- 111 The p h y s i c a l  f l u i d  l o s s  a g e n t  r e f e r r e d  t o  i s  a s p h e r i c a l - g r a i n e d ,  
8 0  t o  100 mesh s i z e d  sand,  thought  t o  r e d u c e  f l u i d  leak-off  d u r i n g  
s t i m u l a t i o n  by p a r t i a l l y  b locking  minute  secondary f r a c t u r e s  as 
t h e  main body of t r e a t m e n t  f l u i d  p r o p a g a t e s  away from t h e  w e l l b o r e .  
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FIGURE 47. - OAK GROVE DEGASIFICATION GRID PATTERN, 
MARY LEE COALBED, JEFFERSON CO., ALABAMA 

SCALE: 1" = lo00 FT. \ !  
-680 STRUCTURAL CONTOURS 
(IN FEET), TOP OF LOWER 
BENCH OF MARY LEE COALBED 
(RELATIVE TO MEAN SEA LEVEL) 



Figures  48 through 55 show d a i l y  gas  and water f low from each of 
t h e  foam-stimulated boreholes  on t h e  g r i d  p a t t e r n  a t  Oak Grove. 
product ion presented occurred dur ing  a 1,000 day i n t e r v a l ,  s t a r t i n g  
on August 5 ,  1977, when t h e  f i r s t  borehole  (No. 2 2 ,  Figure 4 7 )  w a s  
put  on product ion.  

The 

Chronic water-pump problems were experienced a t  Oak Grove throughout 
t h e  time-period i n d i c a t e d ,  A s  t h e  boreholes  were pumped, sand t h a t  
had been used dur ing  s t i m u l a t i o n  w a s  r o u t i n e l y  observed i n  t h e  water 
e f f l u e n t .  A t  f i r s t ,  t h i s  sand d id  no t  d i s r u p t  t h e  waterflow; however, 
as t h e  water l e v e l s  i n  t h e  boreholes  were lowered, s u f f i c i e n t  q u a n t i t i e s  
of sand accumulated t o  completely s t o p  t h e  pumps, e s p e c i a l l y  dur ing  
or  j u s t  a f t e r  w e l l  unloading occurred.  
t o  c o n t i n u a l l y  remove pumps, r e p a i r  them, c l e a n  t h e  sand from t h e  
boreholes ,  and then reequip  t h e  boreholes  f o r  product ion.  Gas flow 
from t h e  coalbed decreased sha rp ly  o r  stopped from each borehole  i n  
response  t o  r i s i n g  water l e v e l s ,  as i t s  pump became less e f f e c t i v e  
o r  completel-y inope ra t ive .  Thus, both water and gas  product ion  
rates f l u c t u a t e d  g r e a t l y  dur ing  t h e  per iod  of t i m e  p resented .  

A s  a r e s u l t ,  it w a s  necessary  

Daily product ion  rates, number of boreholes  pumping, and t h e  
cumulat ive amount of gas  and water produced from the ent i re  f i e l d  
is presented  on Figure 56. It should be noted t h a t  d a t a  from two 
boreholes  i n  t h e  p a t t e r n  which were no t  foam-stimulated have been 
included on Figure 56. These two boreholes  are numbered 7 and 9 
on Figure  47. 
on F igure  58 and product ion from borehole  No. 7 is  shown on Figure  60. 

Product ion from borehole  No. 9 i s  presented  s e p a r a t e l y  
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FIGURE 48 - DAILY PRODUCTION FROM FOAM-STIMULATED WELLS 
NO. 3 AND NO. 4, MARY LEE COALBED DEGASlFlCATlON 

PATTERN NEAR OAK GROVE, JEFFERSON COUNTY, ALABAMA 
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FIGURE 4 8 A  = DAILY PRODUCTION FROM FOAM-STIMULATED WELLS 
NO. 3 AND NO. 4, MARY LEE COALBED DEGASIFICATDON 

PATTERN NEAR OAK GROVE, JEFFERSON COUNTY, ALABAMA 
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FIGURE 49 - DAILY PRODUCTION FROM FOAM-STIMULATED WELLS 
NO. 5 AND NO. 6, MARY LEE COALBED DEGASlFlCATlON 

PATTERN NEAR OAK GROVE, JEFFERSON COUNTY, ALABAMA 
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FIGURE 49A - DAILY PRODUCTION FROM FOAM-STIMULATED WELLS 
NO. 5 AND NO. 6, MARY LEE COALBED DEGASIFICATION 

PATTERN NEAR OAK GROVE, JEFFERSON COUNTY, ALABAMA 
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FIGURE 50 - DAILY PRODUCTION FROM FOAM-STIMULATED WELLS 
NO. 8 AND NO. 13, MARY LEE COALBED DEGASlFlCATlON 
PATTERN NEAR OAK GROVE, JEFFERSON COUNTY,ALABAMA 
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FIGURE 5 0 A  - DAILY PRODUCTION FROM FOAM- STIMULATED WELLS 
NO. 8 AND NO. 13, MARY LEE COALBED DEGASIFICATION 

PATTERN NEAR OAK GROVE, JEFFERSON COUNTY, ALABAMA 
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FIGURE 51 - DAILY PRODUCTION FROM FOAM-STIMULATED WELLS 
NO. 14 AND NO. 15, MARY LEE COALBED DEGASlFlCATlON 
PATTERN NEAR OAK GROVE, JEFFERSON COUNTY, ALABAMA 
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FIGURE 51 A = DAILY PRODUCTION FROM FOAM= STIMULATED WELLS 
NO. 14 AND NO. 15, MARY LEE COALBED DEGASIFICATION 

PATTERN NEAR OAK GROVE, JEFFERSON COUNTY, ALABAMA 
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FIGURE 52 - DAILY PRODUCTION FROM FOAM-STIMULATED WELLS 
NO.16 AND N0.17, MARY LEE COALBED DEGASIFICATION 

PATTERN NEAR OAK GROVE, JEFFERSON COUNTY, ALABAMA 
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FIGURE 52A - DAILY PRODUCTION FROM FOAM- STIMULATED WELLS 
NO. 16 AND NO. 17, MARY LEE COALBED DEGASlFlCATlON 
PATTERN NEAR OAK GROVE, JEFFERSON COUNTY, ALABAMA 
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FIGURE 53 - DAILY PRODUCTION FROM FOAM-STIMULATED WELLS 
NO. 18 AND NO. 22, MARY LEE COALBED DEGASIFICATION 
PATTERN NEAR OAK GROVE, JEFFERSON COUNTY,ALABAMA 
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FIGURE 5 3 A  - DAILY PRODUCTION FROM FOAM-STIMULATED WELLS 
NO. 18 AND NO. 22, MARY LEE COALBED DEGASlFlCATlON 

PATTERN NEAR OAK GROVE, JEFFERSON COUNTY, ALABAMA 
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FIGURE 54 - DAILY PRODUCTION FROM FOAM-STIMULATED WELLS 
NO. 23 AND NO. 24, MARY LEE COALBED DEGASlFlCATlON 

PATTERN NEAR OAK GROVE, JEFFERSON COUNTY, ALABAMA 
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FIGURE 5 4 A  - DAILY PRODUCTION FROM FOAM-STIMULATED WELLS 
NO. 23 AND NO. 24, MARY LEE COALBED DEGASlFlCATlON 

PATTERN NEAR OAK GROVE, JEFFERSON COUNTY, ALABAMA 
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FIGURE 55 - DAILY PRODUCTION FROM FOAM- STIMULATED WELL 
NO. 25, MARY LEE COALBED DEGASIFICATION PATTERN 

NEAR OAK GROVE, JEFFERSON COUNTY, ALABAMA 
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FIGURE 56 - DAILY PRODUCTION; NUMBER OF OPERATING 
WELLS AND CUMULATIVE TOTAL AMOUNT OF GAS AND 

WATER PRODUCED FROM THE MARY LEE COALBED 
DEGASlFlCATlON PATTERN NEAR OAK GROVE, 

JEFFERSON COUNTY, ALABAMA 
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Jawbone Coalbed, Dickenson County, V i r g i n i a  

A foam s t i m u l a t i o n  t r e a t m e n t  w a s  conducted i n  J u l y ,  1978, a t  a w e l l  
d r i l l e d  i n t o  t h e  Jawbone coalbed n e a r  t h e  f i r s t  underground development 
of t h e  McClure No. 1 mine n e a r  Dante, V i r g i n i a  (Table  3, W e l l  No. 6 1 ) .  

The w e l l  w a s  completed i n  a n  open-hole f a s h i o n ,  exposing t h e  f i v e  
f o o t  coalbed and about  25 f e e t  of u n d e r l y i n g  r o c k  s t ra ta .  Casing w a s  
set i n  t h e  b o r e h o l e  approximately two f e e t  above t h e  425 f o o t  deep coalbed 
u s i n g  a packer  shoe,  t h e n  cemented from t h i s  packer  t o  t h e  s u r f a c e .  

S t i m u l a t i o n  w a s  accomplished d i r e c t l y  through t h e  f o u r  i n c h  
d iameter  c a s i n g  and began w i t h  a 4,200 g a l l o n  water pad t o  open a 
f r a c t u r e  i n  t h e  coalbed and r e t a r d  f l u i d  l e a k - o f f .  I n i t i a l  format ion  
"break" i s  b e l i e v e d  t o  have occurred  a t  a p r e s s u r e  of 1,000 p s i .  
w a s  much h i g h e r  t h a n  had been a n t i c i p a t e d  f o r  t h e  r e l a t i v e l y  s h a l l o w  
coalbed be ing  t r e a t e d .  Nitrogen and s u r f a c t a n t  were then  added t o  create 
foam. Treatment i n j e c t i o n  ra te  w a s  12 bpm. 

This  

T o t a l  t r e a t m e n t  volume w a s  35,300 g a l l o n s  foam. Approximately 
28,000 pounds of 20 t o  40 mesh s i z e  sand were i n j e c t e d  i n t o  t h e  borehole .  
No p h y s i c a l  o r  chemical  f l u i d - l o s s  a d d i t i v e s  w e r e  used t o  complete  t h i s  
foam s t i m u l a t i o n  t r e a t m e n t .  Ear ly  p r o d u c t i o n  r e s u l t s  from t h i s  coalbed 
g a s  d r a i n a g e  w e l l  are shown on F i g u r e  57. 
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FIGURE 57-DAILY GAS AND WATER PRODUCTION FROM 
WELL NO. DG-lA, DICKENSON COUNTY, VIRGINIA 
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MISCELLANEOUS STIMULATION TECHNIQUES 

There have been s e v e r a l  o t h e r  t y p e s  of s t i m u l a t i o n  t r e a t m e n t s  
t e s t e d  which cannot  b e  c a t e g o r i z e d  under  e i t h e r  t y p e  p r e v i o u s l y  
d i s c u s s e d .  Although some of t h e  t e c h n i q u e s  d e s c r i b e d  i n  t h i s  s e c t i o n  
a r e  n o t  cons idered  a p p l i c a b l e  t o  coalbed s t i m u l a t i o n ,  some o t h e r s  
may prove t o  be h i g h l y  e f f e c t i v e  and should be f u r t h e r  t e s t e d .  

Explos ive  Frac  and E a r l y  Hydraul ic  Treatment 

Some e a r l y  coalbed s t i m u l a t i o n  a t t e m p t s  were conducted by G .  R. 
S p i n d l e r  and W .  N.  Poundstone (35) d u r i n g  t h e  la te  1950s.  Two v e r t i c a l  
b o r e h o l e s  were d r i l l e d  i n t o  t h e T i t t s b u r g h  h o a l b e d  n e a r  Morgantown, 
West V i r g i n i a  and s t i m u l a t e d .  

T o t a l  d e p t h  of t h e  f i r s t  h o l e  s t u d i e d  w a s  515 f e e t .  P r e - s t i m u l a t i o n  
g a s  product ion  w a s  measured t o  be 25,000 c f d  which diminished t o  about  
10,000 c f d  a f t e r  e i g h t  months of water pumping. 
t o  induce  f r a c t u r e s  i n  t h e  coalbed by d e t o n a t i n g  a s h o t  of n i t r o g l y c e r i n  
a t  t h e  bottom of t h e  h o l e .  The h o l e  w a s  c l e a r e d  o u t  a f t e r  t h i s  
s t i m u l a t i o n  t r e a t m e n t  bu t  g a s  product ion  d i d  n o t  exceed 3,000 c f d .  
F u r t h e r  work on t h i s  h o l e  w a s  t h e n  abandoned. 

An a t t e m p t  w a s  made 

The second h o l e ,  465 f e e t  deep, w a s  cased w i t h  6-518 inch  diameter  
c a s i n g  t o  t h e  t o p  of t h e  c o a l ,  and cemented. This  h o l e  produced gas  
a t  a rate of 60,000 c f d  but  a l s o  d iminished  a f t e r  a s h o r t  p e r i o d  of 
product ion .  I n  a n  a t t e m p t  t o  i n c r e a s e  g a s  p r o d u c t i o n ,  t h e  w e l l  w a s  
f r a c t u r e d  h y d r a u l i c a l l y  by pumping 10,000 g a l l o n s  of water i n t o  t h e  
h o l e  a t  r a t e s  ranging  from t h r e e  t o  f i v e  bpm a t  a maximum i n j e c t i o n  
p r e s s u r e  of 600 p s i g .  Gas p r o d u c t i o n  w a s  n o t  i n c r e a s e d  by t h i s  
s t i m u l a t i o n  t r e a t m e n t  and it  was concluded t h a t  t r u e  f r a c t u r e s  w e r e  
n o t  achieved because  of " inadequate"  rates of water i n j e c t i o n .  

Ni t roeen  Gas Treatment 

S p e c i f i c a t i o n s  f o r  d r i l l i n g ,  c a s i n g ,  and t e s t i n g  ve r t i ca l  gas  
d r a i n a g e  w e l l s  i n t o  t h e  Pocahantas  Coalbeds i n  Buchanan County, 
V i r g i n i a ,  were prepared  by t h e  Bureau of Mines i n  1967 (3). 
r e q u e s t  of a c o o p e r a t i n g  c o a l  company, a borehole  w a s  d r i l l e d  i n t o  a 
p r o j e c t e d  b a r r i e r  p i l l a r .  D r i l l i n g  w a s  completed i n  May, 1967,  a t  
a d e p t h  of 1 ,530  feet .  The e i g h t  inch  d iameter  borehole  w a s  cased  
w i t h  4-112 i n c h  d i a m e t e r  c a s i n g  t o  t h e  t o p  of t h e  coalbed and cemented 
t o  s u r f a c e .  

A t  t h e  

A f t e r  about  one y e a r  of low p r o d u c t i o n ,  an a t t e m p t  w a s  made t o  
Approximately 2 7,000 f t 3  s t i m u l a t e  t h e  coalbed u s i n g  n i t r o g e n  g a s .  

( s t p )  of  n i t r o g e n  w a s  pumped i n t o  t h e  coalbed a t  16,000 f t  /min ( s t p )  
under a p r e s s u r e  of 2,700 p s i g .  
as product  i o n  w a s  n o t  i n c r e a s e d .  

4 
S i g n i f i c a n t  f r a c t u r i n g  w a s  n o t  i n d i c a t e d  
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Combination C02 - G e l  Treatment  

One r e c e n t  exper imenta l  coalbed s t i m u l a t i o n  d e s i g n  i n c o r p o r a t e s  
t h e  u s e  of g e l l i n g  agent  water, and l i q u i d  C02 ( 2 7 ) .  Two g e l l i n g  
a g e n t s  and water are  used i n  vary ing  concentrat i&& i n  o r d e r  t o  p r o v i d e  
o p t i m a l  v i s c o s i t y  c h a r a c t e r i s t i c s  a t  t h e  s u r f a c e  and n e a r  t h e  bottom of 
t h e  h o l e .  
provided flowback c a p a b i l i t i e s  t o  reduce clean-up t i m e  by i n c r e a s i n g  
t h e  ra te  of t r e a t i n g  f l u i d  recovery.  

The s imul taneous  a d d i t i o n  of l i q u i d  C 0 2  d u r i n g  t r e a t m e n t  

An 1 ,100  f o o t  deep,  6-114 inch  d i a m e t e r  b o r e h o l e  w a s  d r i l l e d  i n  
J e f f e r s o n  County, Alabama and cased w i t h  f o u r  i n c h  d iameter  p i p e .  
The f i v e  f o o t  t h i c k  Mary Lee coalbed was t h e n  exposed t o  t h e  w e l l b o r e  
through 20 0.38 i n c h  d iameter  p e r f o r a t i o n s .  

The coa lbed  w a s  s t i m u l a t e d  i n  J u l y ,  1 9 7 7 ,  immediately f o l l o w i n g  
c a s i n g  p e r f o r a t i o n .  Treatment w a s  accomplished through c a s i n g  u s i n g  
a t o t a l  of 5 6 , 4 0 0  g a l l o n s  of f l u i d  ( t h i s  i n c l u d e s  7 , 1 4 0  g a l l o n s  of l i q u i d  
C02) and 15,500 pounds of 20 t o  40  mesh s i z e  sand proppant .  
a p p a r e n t  "formation breakdown" was observed and a c a s i n g  p r e s s u r e  of 
approximate ly  1 , 7 0 0  p s i g  w a s  maintained throughout  most of t h e  t r e a t m e n t .  
Average i n j e c t i o n  ra te  was 110 bpm ( e x c l u d i n g  one bpm l i q u i d  C 0 2 ) .  
Sand proppant  was added i n  one pound p e r  g a l l o n  increments  a f t e r  over  
4 4 , 0 0 0  g a l l o n s  of f l u i d  pad had been i n j e c t e d .  Apparent ly ,  f l u i d  
leak-off  d u r i n g  t h i s  t rea tment  w a s  v e r y  h i g h  because a sand-out 
occur red  s h o r t l y  a f t e r  t h e  amount of sand proppant  was i n c r e a s e d  from 
one t o  two pounds p e r  g a l l o n .  Attempts t o  r e - e s t a b l i s h  t h e  p r e v i o u s  
p r e s s u r e  and i n j e c t i o n  r a t e  were u n s u c c e s s f u l ,  s o  t h e  t r e a t m e n t  was 
t e r m i n a t e d .  

No 

A f t e r  clean-up, t h e  w e l l  w a s  equipped w i t h  a dewater ing  pump 
and p u t  on product ion .  Dewatering o p e r a t i o n s  w e r e  s topped a f t e r  
s e v e r a l  months of  pumping produced o n l y  small amounts of g a s  and 
water ( F i g u r e  5 8 ) .  T h i s  w e l l  is  d e s i g n a t e d  "NO. 44" on Table  3 .  

Pressurization/Depressurization Treatment 

Another coalbed s t i m u l a t i o n  d e s i g n  t e s t e d  r e c e n t l y  i s  r e f e r r e d  
t o  as " K i e l  Frac". 8 1  T h i s  des ign  i n c o r p o r a t e s  a p r e s s u r i z a t i o n /  
d e p r e s s u r i z a t i o n  t e c h n i q u e  which, i n  t h e o r y ,  creates e f f e c t i v e l y  
long  f r a c t u r e s  a l o n g  two t r a n s v e r s e  d i r e c t i o n s  t h e n  props  t h e  f r a c t u r e s  
w i t h  r e s e r v o i r  r o c k  m a t e r i a l  t h a t  s loughs-off  d u r i n g  t h e  t r e a t m e n t .  
T h i s  p a t e n t  121 h y d r a u l i c  f r a c t u r i n g  p r o c e s s  h a s  been a p p l i e d  twlce 
t o  mineable  G a l b e d s .  
s e v e r a l  P i t t s b u r g h  coalbed gas  d r a i n a g e  w e l l s  on t h e  Emerald Mine 
p r o p e r t y ,  Greene County, Pennsylvania .  The o t h e r  " K i e l  Fracl '  w a s  
a p p l i e d  t o  t h e  Mary L e e  coalbed i n  J e f f e r s o n  County, Alabama. 

The f i r s t  t r e a t m e n t  was conducted a t  one of 

- 1 2 1  U.S. P a t e n t  No. 3 9 3 3 2 0 5 ,  awarded t o  Othar  Meade K i e l  c / o  
Intercomp Resource Development and E n g i n e e r i n g ,  I n c . ,  2000  W .  Loop S t . ,  
Houston, Texas 7 7 0 2 7 ,  January 20, 1 9 7 6 .  
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FIGURE 58 - DAILY PRODUCTION FROM CO2-GEL-STIMULATED WELL 
NO. 9, MARY LEE COALBED DEGASlFlCATlON PATTERN NEAR 

OAK GROVE, JEFFERSON COUNTY, ALABAMA 
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The materials used i n  t h e  " K i e l  Frac"  s t i m u l a t i o n s  have been 
water and sand.  No chemical mixing is r e q u i r e d  and ,  assuming t h e  
water i s  compat ib le  w i t h  t h e  coalbed water, many p o t e n t i a l  problems of 
p r o d u c t i o n  l o s s  due  t o  f l u i d  format ion  damage o r  incomple te  g e l  breakdown 
are avoided .  The sand used i n  t h i s  p r o c e s s  r e p o r t e d l y  ac t s  t o  f i l t e r  
pack t h e  n a t u r a l  j o i n t  system and/or  t h e  v e r t i c a l  downward e x t e n t  of 
r o c k  j o i n t s  t h u s  l i m i t i n g  f r a c t u r i n g  t o  t h e  upper  p o r t i o n  of t h e  
coalbed where,  i t  is assumed, l e a k a g e  is i n h i b i t e d  by t h e  overburden.  
Both 80 t o  100 and 20 t o  40  mesh s i z e  sand have been used i n  combinat ion 
t o  treat coalbed g a s  d r a i n a g e  w e l l s .  

The P i t t s b u r g h  coalbed w a s  " K i e l  Fracedl'  i n  May, 1977, a t  a 
725 f o o t  deep b o r e h o l e  ( d e s i g n a t e d  "NO. 40" on Table  3 )  which had been 
cased and cemented t c  t h e  t o p  of a s i x  f o o t  t h i c k  c o a l  u n i t .  
g a l l o n s  of water and  10,000 pounds of sand were i n j e c t e d  i n t o  t h e  b o r e h o l e  
u s i n g  a ra te  of aboilf 1 9  bpm. 
w a s  approximate ly  1 , 2 3 0  p s i g .  A f t e r  t r e a t m e n t ,  t h e  w e l l  w a s  equipped 
w i t h  a sucker-rod d e v a t e r i n g  pump and put  on p r o d u c t i o n .  P r o d u c t i o n  
r e s u l t s  g a t h e r e d  from t h i s  w e l l  are inc luded  on Table  1 2  under  t h e  
w e l l  i d e n t i f i e d  as EM-11. 

Over 54 ,600  

Wellhead p r e s s u r e  d u r i n g  i n j e c t i o n  s t a g e s  

Underground mining progressed  t o  w i t h i n  100 f e e t  of t h e  
" K i e l  Fraced" w e l l  i n  June,  1978. S h o r t l y  a f t e r ,  t h i s  area of t h e  
mine w a s  examined f o r  e v i d e n c e  of t h e  s t i m u l a t i o n  t r e a t m e n t .  Loca t ions  
where sand-propped f r a c t u r e s  were observed underground are  shown on 
F i g u r e  59. F i g u r e  59 a l s o  i n c l u d e s  a s k e t c h  of t h e  exposed c o a l  
r i b  s e c t i o n  showing t h e  p o s i t i o n  and o r i e n t a t i o n  of t h e  0 .1  i n c h  t h i c k  
h o r i z o n t a l l y  induced f r a c t u r e s .  

P r e v i o u s  s t u d i e s  i n d i c a t e d  t h e  p o s s i b i l i t y  of deve loping  
h o r i z o n t a l  f r a c t u r e s  as a r e s u l t  of h y d r a u l i c  s t i m u l a t i o n  b u t  t h e  a c t u a l  
d i s t a n c e  of t h e  K i e l  F rac  underground s u r v e y ,  however, showed t h a t  
h o r i z o n t a l  f r a c t u r e s  can b e  propagated much f a r t h e r .  

The l a r g e s t  s t i m u l a t i o n  treatment t o  a minable  c o a l  t o  d a t e  w a s  a 
" K i e l  Frac" t r e a t m e n t  a p p l i e d  to t h e  Mary L e e  coa lbed  i n  August, 1977 
(Well No. 4 6 ,  Table 3 ) .  The t o t a l  amount of water used t o  t r c a t  t h e  
1 , 1 2 0  f o o t  deep coalbed w a s  79,900 g a l l o n s .  
pounds of sand were i n j e c t e d  i n t o  t h e  coalbed a t  rates of up  t o  f o u r  
pounds p e r  g a l l o n  water. Water w a s  i n j e c t e d  a t  a r a t e  of 20 bpm 
and wel lhead p r e s s u r e s  averaged about  1,100 p s i g .  The t r e a t m e n t  w a s  
completed i n  e i g h t  s e p a r a t e  p r e s s u r i z a t i o n / d e p r e s s u r i z a t i o n  f r a c t u r e  
c y c l e s  as p r e s e n t e d  on Table  1 4 .  Product ion  r e s u l t i n g  from t h i s  t es t  
w e l l  i s  shown on F i g u r e  60. 

Approximately 25,OCO 
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FIGURE 59. - SKETCH SHOWING POSITION OF THE INDUCED 
FRACTURES OBSERVED NEAR DEGAS WELL NO. EM-I1 

GREENE COUNTY, PA. 
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TABLE NO. 14 - SUMMARY OF "KIEL FRAC" PROCEDURES USED TO 
STIPNLATE A GAS DRAINAGE WELL IN THE 

MARY LEE COALBED 

The lower bench (Blue Creek Seam) was fractured on August 9. 1977,  using the 
Kiel Process of intermittent pressurization/depressurization. 0. M. Kiel, inventor 
of the process, feels that using the intermittent pressurization/depressurization 
method of stimulating vertical boreholes results in small fractures being formed 
perpendicular to the main fracture, thereby opening up more channels for gas flow. 
The hole was first flushed and then, to help initiate the fracture, water-jetted 
with 6700 gallons of water and 3360 pounds of sand at a rate of 2.5 bbl/min 
(105 gpm). About 20 minutes after'the start of the water-jetting, coal was seen 
in the discharge from the borehole thereby indicating penetration into the seam. 
The hole was water-jetted for a total of 64 minutes and two opposing 3-foot-high 
slots were cut into the seam by raising and lowering the tool during the water- 
jetting operation: 
residue in preparation for stimulation. 

After water-jetting, the hole was flushed to remove all 

The design treatment consisted of eight stages with ten steps with each 
stage. 
constant rate of 20 bbl/min (840  gpm). 

The steps within each of the first s i x  stages are described below. 

Each stage injected 9450 gallons of water and 4200 pounds sand at a 

Steps Used in Stages 1 Through 6 

Step Gallons Barrels Proppan t 

1 1260 30 
2 420 10 4 lb/gal 100 mesh sand 
3 420 
4 420 
5 420 
6 420 
7 5040 

10 
10 
10 
10 
120 

2 Ib/gal 20- by.40-mesh sand 

4 Ib/gal 29- by 40-mesh sand 

8 Blow Back 
9 1050 25 
10 Blow Back 

Total 9450 225 1 6 8 0  lb 100 mesh sand 
2520 lb 20- by 40-mesh sand 

Following the sixth stage, Efr. Kiel made an adjustment in the fracturing technique 
based on his observations and, for the seventh and eighth stages, he removed 
2000 gallons of water from step 8 of each of the stages and injected the water 
during step 1. The sequence of steps within stages 7 and 8 are shown below. 

Steps Used in Stages 7 and 8 

Step 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

Gallons Barr e 1 s Proppant 

3260 77.6 
10 4 lb/gal 100 mesh sand 420 

420 10 
10 420 

420 10 
420 10 
3040 72.4 

1050 25 

2 Ib/gal 20- by 40-mesh sand 

4 lb/gal 20- by 40-mesh sand 

Blow Back 

Blow Back 

1 6 8 0  lb 100 mesh sand 
2520 lb 20- by 40-mesh sand 

Total 9450 225 

Total volumes used for this treatment were 81,000 gallons of water, 20,000 pounds 
of 100-mesh sand, and 25,000 pounds of 20- by 40-mesh sand. 
i n g  agents were used. 
1270 psig. 
instantaneous shut-in pressure following the fracture was 270 psi at the surface; 
15 minutes later it had dropped to 210 psi. 
valve at the wellhead was closed for about 55 hours until the shut-in pressure 
fell to zero on the morning of August 12. 

No gelling or foam- 
Wellhead pressures during treatment ranged from 900 to 

The treatment operation ran as outlined in the Kiel design. The 

After treatment was complGted, the 
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FIGURE 60-WATER AND GAS PRODUCTION FROM 
KlEL-FRACED MARY LEE COALBED GAS DRAINAGE 

WELL, JEFFERSON COUNTY, ALABAMA 
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Mo- Pr  o p pan t Foam Treat men t 

Another t y p e  of h y d r a u l i c  s t i m u l a t i o n  t e s t e d  u s e s  foam t o  induc.n 
coalbed f r a c t u r e s ,  b u t  does n o t  i n c o r p o r a t e  a s o l i d  proppant  material 
i n  t h e  d e s i g n .  S i n c e  t h e r e  i s  no proppant  t o  b e  c a r r i e d ,  extremely 
low i n j e c t i o n  rates can b e  used which, i n  e f f e c t ,  a l l o w  b e t t e r  
c o n t r o l  of f r a c t u r e  h e i g h t .  It is  t h e o r i z e d  t h a t  t h e  u s e  of v e r y  low 
i n j e c t i o n  rates i n c r e a s e  t h e  p r o b a b i l i t y  of m a i n t a i n i n g  f r a c t u r e  
p r o p a g a t i o n  w i t h i n  t h e  coalbed and t h u s  any p o t e n t i a l  damage t o  sur rounding  
f l o o r  and roof  material i s  minimized. The f a c t  t h a t  t h e r e  i s  no 
sand p r e s e n t  w i t h i n  t h e  system a l s o  d e c r e a s e s  t h e  p o s s i b i l i t y  of 
e x p e r i e n c i n g  c h r o n i c a l l y  severe downhole water-pumping problems t h a t  
occur  d u r i n g  e a r l y  phases  of w e l l  p r o d u c t i o n  ( s e v e r a l  months).  I n  
a d d i t i o n ,  t h e  l o g i s t i c  and c o s t  requi rements  of no-proppant t r e a t m e n t s  
are less t h a n  s t a n d a r d  t r e a t m e n t s  u s i n g  sand because  w e l l  s u r f a c e  
si tes can b e  smaller; t h e r e  i s  no c o s t  f o r  proppant ;  and less o n - s i t e  
h y d r a u l i c  horsepower i s  r e q u i r e d .  

The f i r s t  test of a no-proppant foam s t i m u l a t i o n  t r e a t m e n t  w a s  
conducted i n  t h e  Xary L e e  Coalbed on December 1 6 ,  1978, i n  J e f f e r s o n  
County, Alabama (Well No 62, Table  3 ) .  An e i g h t - i n c h  d iameter  
borehole ,  p laced  approximate ly  1 ,600 f e e t  from ac t ive  mine workings w a s  
d r i l l e d  t o  t h e  1 ,150  f o o t  deep coa lbed .  The b o r e h o l e ,  r e f e r r e d  t o  as 
TW5, w a s  cased w i t h  seven-inch d iameter  c a s i n g  set s e v e r a l  f e e t  above 
t h e  f i v e  f o o t  t h i c k  coalbed.  S t i m u l a t i o n  w a s  accomplished through 
s m a l l  d i a m e t e r ,  h i g h  p r e s s u r e  t u b i n g  and a 10 f o o t  long  i n f l a t a b l e  
packer  set a t  t h e  t o p  of t h e  c o a l b e d .  

The coalbed w a s  t r e a t e d  w i t h  53,000 g a l l o n s  of 75% q u a l i t y  
foam (25% water, 75% n i t r o g e n )  a t  a n  a v e r a g e  i n j e c t i o n  ra te  of 4.7 bpm. 
Breakdown p r e s s u r e  w a s  rncorded t o  b e  about  1 ,000 p s i g  and a v e r a g e  
t r e a t i n g  p r e s s u r e  w a s  1 , G O O  p s i g .  F l u o r e s c e i n  dye and f l u o r e s c e n t  p a i n t  
were added t o  t h e  t r e a t m e n t  f l u i d  t o  a i d  i n  r e c o g n i t i o n  of t h e  
propagated f r a c t u r e ( s )  upon underground i n t e r c e p t i o n .  

A f t e r  c lean-up,  TW5 w a s  equipped w i t h  a sucker-rod dewater ing  pump 
and a s u r f a c e  product ion  moni tor ing  system. Water pumping o p e r a t i o n s  
began on February 1 3 ,  1979, and cont inued  u n t i l  June 27 when t h e  pump 
w a s  removed from t h e  w e l l .  G a s  cont inued  t o  f low from t h e  test w e l l  
u n t i l  J u l y  11, 1979. Product ion  from TW5 is  p r e s e n t e d  on F i g u r e  61. 

It is d i f f i c u l t  t o  assess p r o d u c t i o n  c h a r a c t e r i s t i c s  of TW5 
because  a number of mechanical  a d j u s t m e n t s  made a t  t h e  tes t  w e l l  
s i t e  d u r i n g  i t s  147 day p r o d u c t i o n  l i f e .  N e v e r t h e l e s s ,  i t  i s  
impor tan t  t o  draw as much i n f o r m a t i o n  as p o s s i b l e  from t h i s  test ,  no 
matter how p r e l i m i n a r y ,  s i n c e  t h e  p o t e n t i a l  b e n e f i t s  from no-proppant 
t y p e  s t i m u l a t i o n  t r e a t m e n t s  could b e  s i g n i f i c a n t  t o  f u t u r e  d e g a s i f i c a t i o n  
of minable  coa lbeds .  
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FIGURE 61. - DAILY PRODUCTION FROM W 5 ,  MARY 
LEE COALBED, JEFFERSON COUNTY, ALABAMA. 
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S t a b i l i z e d  d a i l y  water f low rates from TW5 s t a r t e d  a t  about  
7 bpd and ended a t  4 bpd. P a s t  e x p e r i e n c e  i n d i c a t e s  t h a t  i n i t i a l l y  
low rates and t h e  g r a d u a l  d e c r e a s e  i n  water f low o v e r  t i m e  are 
t y p i c a l  of b o r e h o l e s  p laced  c l o s e  t o  mining ( 2 6 ) .  
when w a t e r  f lows  showed s h a r p  i n c r e a s e s  a t  D J T c a n  b e  a t t r i b u t e d  t o  
pump changes o r  s l i g h t  a l t e r a t i o n s  of t h e  method used t o  measure water 
a t  t h e  s u r f a c e .  

The few o c c a s i o n s  

The p r o d u c t i o n  of g a s  from TW5 ( F i g u r e  61) w a s  complicated by 
two o u t s i d e  v a r i a b l e s .  The f i r s t  is t h e  f a c t  t h a t  a back-pressure 
of approximate ly  15 t o  20 p s i g  w a s  l e f t  on t h e  w e l l  u n t i l  t h e  end of 
A p r i l ,  1979,  and t h e n  a f t e r w a r d s  comple te ly  r e l e a s e d .  T h i s  e x p l a i n s  
t h e  broad double-cycled appearance of T[J5's gas  f low curve .  
s i g n i f i c a n t  c h a r a c t e r i s t i c  t o  n o t e  about  b o t h  "cyc les"  is t h a t  g a s  
f lows  d e c l i n e d  each  t i m e ,  and a t  roughly t h e  s a m e  ra te .  

The most 

The second compl ica t ing  v a r i a b l e  which may have a f f e c t e d  TW5's 
g a s  p r o d u c t i o n  performance is  t h e  mine ' s  advance toward t h i s  w e l l .  
A t  t h e  beginning  of March, t h e  mine w a s  1,100 f e e t  away. From t h a t  
t i m e  on,  mining c l o s e d  t h e  gap between i t s e l f  and t h e  t es t  w e l l  a t  a 
rate of about  280 f e e t  p e r  month. It may b e  t h e o r i z e d ,  t h e r e f o r e ,  
t h a t  t h e  approaching mine c o n t i n u a l l y  shor tened  t h e  tes t  w e l l s  d r a i n a g e  
r a d i u s ,  t h e r e b y  c a u s i n g  t h e  d e c l i n e  i n  p r o d u c t i o n  measured a t  TW5. 

Mine o p e r a t i o n s  i n t e r c e p t e d  TW5's w e l l b o r e  on J u l y  1 3  and t h e  
p h y s i c a l  r e s u l t s  of t h i s  w e l l ' s  s t i m u l a t i o n  procedures  were examined 
underground p e r i o d i c a l l y  u n t i l  mining had progressed  350 f e e t  beyond 
t h e  test s i t e .  F l u o r e s c e n t  material i n c l u d e d  i n  t h e  s t i m u l a t i o n  d e s i g n  
a t  TW5 w a s  i d e n t i f i e d  by U.S. S t e e l  r e s e a r c h  p e r s o n n e l  u s i n g  an  
u l t r a v i o l e t  lamp and t h e  l o c a t i o n s  where t h i s  material w a s  found w e r e  
recorded .  The r e s u l t s  of t h i s  work show t h a t  i n j e c t e d  f l u i d s  p e n e t r a t e d  
t h e  coalbed and/or  roof  rock  h o r i z o n t a l l y  through d i s t i n c t  bedding 
p l a n e s ,  and v e r t i c a l l y  through n a t u r a l  f r a c t u r e s .  A map view of t h e  
h o r i z o n t a l  component of p e n e t r a t i o n  shows t h e  form of a n  e l l i p s e ;  
t h e  l o n g  a x i s  ex tending  approximate ly  360 f e e t  and roughly c o i n c i d e n t  
w i t h  t h e  c o a l b e d ' s  pr imary n a t u r a l  f r a c t u r e  ( f a c e  c l e a t )  d i r e c t i o n ;  t h e  
s h o r t  a x i s  ex tending  approximate ly  180 f e e t  and roughly c o i n c i d e n t  w i t h  
t h e  c o a l b e d ' s  secondary n a t u r a l  f r a c t u r e  ( b u t t  c l e a t )  d i r e c t i o n  ( F i g u r e  
62) .  The v e r t i c a l l y - o r i e n t e d  component of f l u i d  p e n e t r a t i o n ,  as shown 
on F i g u r e  62, extended o u t s i d e  t h e  e l l i p s e  f o r  d i s t a n c e s  up t o  130 
f e e t  . 

F l u o r e s c e n t  s t i m u l a t i o n  material  w a s  g e n e r a l l y  l i m i t e d  t o  t h e  
coa lbed  ( e s p e c i a l l y  upper t h r e e  f e e t )  and t h e  f i r s t  f o o t  of o v e r l y i n g  
s h a l e / c o a l  rock .  Except ions  t o  t h i s  were: one v e r t i c a l l y  o r i e n t e d  
f r a c t u r e  i n  t h e  mine ' s  s h a l e  roof  rock  ex tending  upward t o  t h e  upper  
c o a l  bench (5 .5  f e e t )  and outward 8 t o  10 f e e t  from t h e  w e l l b o r e  
( F i g u r e  63);  and one v e r t i c a l l y  o r i e n t e d  f r a c t u r e  i n  s h a l e  roof  r o c k  
l o c a t e d  n e a r  t h e  southwest  e x t r e m i t y  of f l u i d  p e n e t r a t i o n .  
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FIGURE-62 
LOCATI-ON 01: TW5 WELLBORE AND THE AERIAL CONFIGUE?ATION OF FLUORESCENT 

IIATERTAI, CONTAINED I N  THE STIMULATION TREATPTENT F L U I D  

m 0 n n n TL 

S c a l e :  1 inch  t o  100 fee t  
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FIGURE 63. - SKETCH OF TW5 WELLBORE SHOWING 
POSITION AND ORIENTATION OF INDUCED 

FRACTURES AS INDICATED BY THE PRESENCE OF 
FLUORESCENT MATERIAL CONTAINED IN THE STIMULATION 

TREATMENT FLUID. 
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"Openings" t h a t  w e r e  observed t o  c o n t a i n  f l u o r e s c e n t  material 
were a l l  h a i r l i n e  i n  wid th .  
p e n e t r a t i o n s  wgre conta ined  i n  c o a l  cleat  openings w i t h i n  narrow bands 
ex tending  N 6 1  The m a j o r i t y  
of h o r i z o n t a l  p e n e t r a t i o n s  w e r e  c o n t a i n e d  w i t h i n  o v e r l y i n g  s h a l e / c o a l / s h a  
i n t e r f a c i a l  areas. 
g e n e r a l l y  weak t o  n o n e x i s t e n t  as i n d i c a t e d  by h i g h l y  p o l i s h e d  and 
s t r i a t e d  c o a l  a n d / o r  s h a l e  s u r f a c e s  a t  t h e s e  i n t e r f a c e  p o s i t i o n s  
( F i g u r e  6 4 ) .  

The m a j o r i t y  of v e r t i c a l l y - o r i e n t e d  

E and N 29' W from t h e  w e l l b o r e ' s  l o c a t i o n .  

Bonding between t h e s e  d i f f e r e n t  r o c k  t y p e s  w a s  

There are few c o n c l u s i o n s  t h a t  can b e  drawn r e g a r d i n g  t h e  
e f f e c t i v e n e s s  of no-proppant s t i m u l a t i o n  based on t h i s  one experiment ,  
e s p e c i a l l y  s i n c e  t h e  p r o d u c t i o n  h i s t o r y  i s  s h o r t  and t h e  v a r i a b l e s  
t h a t  could  have c o n t r o l l e d  d r a i n a g e  r a t i o s  a re  complex. N e v e r t h e l e s s ,  
t h e  a v e r a g e  d a i l y  r a t e  of g a s  removal w a s  4 4 , 0 0 0  c f d  and t h i s  might b e  
c o n s i d e r e d  a c c e p t a b l e  i f  p r o d u c t i o n  were s t a b i l i z e d .  This ,  and t h e  
f a c t  t h a t  t h i s  t y p e  of s t i m u l a t i o n  had v e r y  l i t t l e  p h y s i c a l  e f f e c t  on 
mine roof  rock ,  j u s t i f i e s  r e p e a t i n g  t h e  experiment  under  more 
c o n t r o l l e d  c o n d i t i o n s .  

- 144 - 



I 

! '  
.5 
' ;I 

FIGURE 64. - SKETCH SHOWING POSITION AND 
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PRODUCTION PROBLEMS RELATED TO COALBED STIMULATION 

S t i m u l a t i o n  d e s i g n s  f o r  a l l  g e l  t r e a t m e n t s  p r o v i d e  f o r  some t y p e  
of "breaker"  i n g r e d i e n t  which reduced f l u i d  v i s c o s i t y  w i t h i n  a t i m e  
a f t e r  t r e a t m e n t ,  depending p r i m a r i l y  on t h e  t e m p e r a t u r e  of t h e  coalbed 
t r e a t e d .  S t a b l e  g e l ,  o r  v i s c o u s  g e l  r e s i d u e ,  however, i s  o f t e n  observed 
a t  w e l l  sites s e v e r a l  months a f t e r  s t i m u l a t i o n .  This  g e l  material is  
inc luded  w i t h  water d r a i n e d  from t h e  coalbed and i s  p r e s e n t  as t h i c k  
l a y e r s  of a s l i p p e r y  j e l l y l i k e  s u b s t a n c e  a d h e r i n g  t o  t h e  i n s i d e  of 
p i p e s  and o t h e r  s u r f a c e s  exposed t o  w e l l  water e f f l u e n t  o r  g l o b u l a r  masses 
of g e l  material which o f t e n  c o n t a i n  sand proppant .  

The p r e s e n c e  of unbroken g e l  w i t h i n  induced coa lbed  f r a c t u r e s  
must g r e a t l y  r e t a r d  f l u i d  f low t o  t h e  w e  l b o r e .  Indeed,  g a s  and water 
p r o d u c t i o n  h a s  been u n u s u a l l y  low where e l  h a s  been found. One example 
of t h i s  w a s  r e p o r t e d  by Elder  and I r a n i  n 1977 (15) a f t e r  a w e l l  w a s  
t r e a t e d  through per f  o r a t i o n s  u s i n g  30,000 g a l l o n s T f  ex t remely  v i s c o u s  
g e l  which r e s u l t e d  i n  no s i g n i f i c a n t  i n c r e a s e  i n  p r o d u c t i o n .  Elder  and 
I r a n i  h y p o t h e s i z e  t h a t  because  t h e  t r e a t m e n t  w a s  done i n  v e r y  c o l d  
weather  w i t h  c o l d  water and i n  a low-pressure format ion  ( K i t t a n n i n g  
coa lbed ,  293 p s i g  format ion  p r e s s u r e ) ,  g e l  t h a t  w a s  squeezed i n t o  s a m l l  
c o a l  p o r e s  d i d  n o t  breakdown, and p r e s s u r e  w a s  t o o  low t o  move t h e  g e l  
o r  g e l  r e s i d u e  from t h e  low-permeable p a t h s .  R e s u l t s  of a n o t h e r  g e l  
t r e a t m e n t  were r e p o r t e d  by Lambert and Trevits i n  1978  ( 2 3 ) .  - 
preceeding  tes t ,  t h i s  w e l l  w a s  s t i m u l a t e d  u s i n g  a v e r y  v i s c o u s  g e l ,  
and flowed r e l a t i v e l y  low amounts of water and g a s .  S t a b l e  g e l  w a s  
r o u t i n e l y  observed coming o u t  t h e  w e l l ' s  w a t e r l i n e s  even though t h e  
s t i m u l a t i o n  inc luded  a n  enzyme-type b r e a k e r  t o  r e d u c e  t h e  g e l  v i s c o s i t y  
t o  t h a t  of water w i t h i n  a few days.  A f t e r  t h e  t es t  w e l l  w a s  i n t e r c e p t e d  
by mining,  a d e t a i l e d  examinat ion of t h e  s t i m u l a t e d  area w a s  conducted.  
Contrary t o  t h e  Elder  and I r a n i  r e p o r t ,  g e l  could n o t  b e  found p r e s e n t  
w i t h i n  t h e  coalbed away from t h e  w e l l b o r e .  S t a b l e  g e l  w a s  found,  however, 
t o  b e  l i m i t e d  t o  a n  area around,  and v e r y  c l o s e  t o  t h e  test w e l l ' s  c a s i n g  
which had been s l o t t e d  f o r  p r o d u c t i o n .  It w a s  concluded t h a t  o n l y  
t h e  g e l  n e a r  t h e  w e l l b o r e  d i d  n o t  breakdown s u f f i c i e n t l y  and t h a t  t h i s  
probably w a s  due  t o  r e l a t i v e l y  low w e l l b o r e  tempera tures  o r  a d v e r s e  
chemical  r e a c t i o n  w i t h  c a s i n g  materials. 

A s  i n  t h e  

These and o t h e r  such  f i e l d  s t u d i e s  ( 2 7 )  i n d i c a t e  t h a t  g e l  o r  g e l  
r e s i d u e  may s i g n i f i c a n t l y  restrict  f l u i d  f l o w  i n t o  coalbed g a s  d r a i n a g e  
w e l l s  e s p e c i a l l y  where p r o d u c t i o n  i s  l i m i t e d  t o  p e r f o r a t i o n s  o r  s l o t s  
i n  t h e  c a s i n g .  
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Sand 

Recent f i e l d  work shows t h a t  sand used t o  prop open f r a c t u r e s  o r  
minimize f l u i d  leak-off  d u r i n g  s t i m u l a t i o n  i s  c a r r i e d  back t o  t h e  
w e l l b o r e  (23) (27). 
always damaged, r e s u l t i n g  i n  mechanical  f a i l u r e s  o r  l o s s e s  i n  pumping 
e f f i c i e n c y ,  depending on t h e  s i z e  and amount of sand p r e s e n t .  
sand r e l a t e d  dewater ing  problems can b e  c h r o n i c  d u r i n g  e a r l y  p r o d u c t i o n  
phases ,  i n c r e a s e  w e l l  r e p a i r  c o s t s ,  and d e c r e a s e  g a s  p r o d u c t i o n .  

Down-hole pumps exposed t o  t h i s  material are a lmost  

Such 

Several f a c t o r s  are thought  t o  c o n t r o l  t h e  i n f l u x  of t r e a t m e n t  sand 
c a r r i e d  back t o  d e g a s i f i c a t i o n  w e l l b o r e s .  One of t h e  pr imary r e a s o n s  
sand r e t u r n s  t o  w e l l b o r e s  over  prolonged time p e r i o d s  ( y e a r s )  must b e  
because  compress iona l  f o r c e s  a c t i n g  i n  t h e  coalbed t o  c l o s e  induced 
f r a c t u r e s  are s m a l l .  With t h e  proppant  h e l d  o n l y  l o o s e l y  w i t h  
f r a c t u r e s ,  t h e  amount of sand t h a t  r e t u r n s  t h e n  becomes c l o s e l y  
dependent  on a n o t h e r  f a c t o r :  t h e  a b i l i t y  of f l u i d s  t o  c a r r y  sand t o  
w e l l b o r e s .  
by g r a v i t y  when t h e  t o p  of t h e  s a n d - f i l l e d  induced f r a c t u r e  is much 
h i g h e r  t h a n  t h e  upper most h o r i z o n  exposed t o  t h e  w e l l b o r e ,  13/ a 
f a c t o r  t o  c o n s i d e r  s i n c e  p r e v i o u s  r e s e a r c h  concludes  t h a t  induced 
f r a c t u r e s  can e n t e r  s t r a t a  o v e r l y i n g  coa lbeds  ( 2 6 ) .  

The a b i l i t y  f o r  f l u i d s  t o  c a r r y  sand i n t o  w e l l s  is enhanced 

__ 

Condi t ions  most f a v o r a b l e  f o r  w e l l b o r e  sand i n f l u x  e x i s t  d u r i n g  
t h e  e a r l y  phases  of w e l l  p r o d u c t i o n  and may l a s t  several months 
depending on t h e  c h a r a c t e r i s t i c s  of t h e  induced f r a c t u r e  and on t h e  
o r i g i n a l  p r e s s u r e  of t h e  coa lbed .  During t h e s e  p e r i o d s ,  coa lbed  r e s e r v o i r  
p r e s s u r e s  are g r e a t e s t  and t h e  r e s u l t i n g  h i g h  f l u i d  v e l o c i t i e s  t o  
t h e  w e l l b o r e  are most c a p a b l e  of c a r r y i n g  sand and c l o s u r e  p r e s s u r e s  
are minimal 1 4 / .  A l s o ,  t h e  a v a i l a b i l i t y  of sand t o  t h e  w e l l b o r e  i s  
g r e a t e s t  s h o r t l y  a f t e r  s t i m u l a t i o n  and e s p e c i a l l y  i f  t h e  sand-f i l l e d  
f r a c t u r e s  are much h i g h e r  t h a n  t h e  uppermost h o r i z o n  exposed t o  t h e  w e l l b o r e .  

- 131 The uppermost h o r i z o n  exposed t o  t h e  w e l l b o r e  is  d e f i n e d  by t h e  
bottom of c a s i n g  i n  a n  "open hole"  t y p e  comple t ion ,  o r  by t h e  
t o p  of t h e  p e r f o r a t e d  o r  s l o t t e d  zone a t  w e l l s  t h a t  are cased  through 
t h e  coa lbeds  be ing  d r a i n e d .  

- 141 Closure  p r e s s u r e s  can b e  q u a n t i f i e d  by s u b t r a c t i n g  r e s e r v o i r  
p r e s s u r e  from bottom h o l e  t r e a t i n g  p r e s s u r e  (18). For any 
s p e c i f i c  l o c a t i o n ,  t h e r e f o r e ,  it i s  r e a s o n a b l e t o  conclude  t h a t  when 
r e s e r v o i r  p r e s s u r e  i s  g r e a t e s t ,  c l o s u r e  p r e s s u r e  i s  minimal s i n c e  
bottom h o l e  t r e a t i n g  p r e s s u r e  does n o t  change. The converse  of 
t h i s  i s  t h a t  c l o s u r e  p r e s s u r e  i s  g r e a t e s t  a t  a t i m e  when r e s e r v o i r  
p r e s s u r e s  become minimal. 
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Research e f f o r t s  a re  now f o c u s i n g  s p e c i f i c a l l y  on developing  new 
o r  t e s t i n g  e x i s t i n g  equipment f o r  dewater ing  coalbed g a s  d r a i n a g e  
w e l l s .  
h o l e ,  t h i s  equipment must be a b l e  t o  h a n d l e  sand which r e t u r n s  t o  t h e  
w e l l b o r e s .  Other e f f o r t s  are  b e i n g  made t o  a l t e r  s t i m u l a t i o n  d e s i g n s  
i n  hopes of l e s s e n i n g  t h e  sand problem. G e n e r a l l y ,  such  a l t e r a t i o n s  
i n c l u d e :  min imiza t ion  of prop sand volumes and complete  d e l e t i o n  of t h e  
v e r y  f i n e  sand used as f l u i d  l o s s  a g e n t  s i n c e  t h i s  f i n e  sand i s  most 
e a s i l y  c a r r i e d  back  t o  the w e l l b o r e ;  changing i n j e c t i o n  rates d u r i n g  
t r e a t m e n t s  and t e s t i n g  lloverf l u s h "  t e c h n i q u e s  i n  o r d e r  t o  minimize sand 
b u i l d u p  n e a r  w e l l b o r e s ;  maximizing t h e  s i z e  of t h e  proppant  t o  make i t  
easier t o  s c r e e n  from t h e  pump. 

I n  a d d i t i o n  t o  having t h e  c a p a b i l i t y  t o  m a i n t a i n  a "dry" 

Sand damage t o  t h e  s t a n d a r d  sucker-rod t y p e  pump can be h e l d  t o  a 
minimum by p o s i t i o n i n g  t h e  pump above t h e  coa lbed .  This  e s t a b l i s h e s  a 
l a r g e r  sump i n t o  which sand may accumulate  and p r o v i d e s  a s e c t i o n  of 
w e l l b o r e  where sand can se t t le  o u t  b e f o r e  r e a c h i n g  t h e  pump. This  
t e c h n i q u e  h a s  proven t o  be e f f e c t i v e  i n  areas where sand problems are 
s e v e r e  even though pumping e f f i c i e n c y  is  l o s t  due t o  t h e  i n c r e a s e d  
exposure t o  g a s  t r a v e l i n g  up t h e  w e l l .  When employing t h i s  t e c h n i q u e ,  
i t  i s  recommended t h a t  pumps b e  p o s i t i o n e d  a t  a p o i n t  i n  t h e  w e l l  where 
t h e  h y d r a u l i c  p r e s s u r e  over  the coa lbed  is  from 10 t o  25% of the 
h y d r o s t a t i c  p r e s s u r e .  Experience h a s  shown t h a t  h i g h  d a i l y  g a s  f lows  from 
c o a l b e d s  may b e  achieved  even i f  t h e r e  is  several hundred f e e t  of water 
o v e r l y i n g  t h e  coa lbed  (3). This  i s  suppor ted  by l a b o r a t o r y  i s o t h e r m  
d a t a  which shows, i n  most cases, t h a t  l a r g e  p e r c e n t a g e s  of coa lbed  
g a s  i s  r e l e a s e d  w i t h  75 t o  90% p r e s s u r e  r e d u c t i o n s  ( s e e  F i g u r e  2 ) .  
The pumps can l a t e r  be lowered a f t e r  g a s  f lows  s t a b i l i z e  o r  d e c l i n e  t o  
u n a c c e p t a b l e  l e v e l s .  

W e l l  Unloading 

The t e r m  "unloading" r e f e r s  t o  o c c a s i o n s  when much o r  a l l  of t h e  
water conta ined  i n  a w e l l  and t h e  w e l l ' s  induced f r a c t u r e  system i s  
r a p i d l y ,  and u s u a l l y  u n c o n t r o l l a b l y ,  c a r r i e d  t o  t h e  s u r f a c e  by l a r g e  
volumes of expanding coalbed g a s .  Such e p i s o d e s  can las t  from 
minutes  t o  days ,  depending on t h e  c o n d u c t i v i t y  of t h e  r e s u l t i n g  induced 
f r a c t u r e s  and t h e  coalbed p r e s s u r e  c o n d i t i o n .  Gas and water v e l o c i t i e s  
a re  v e r y  h i g h  d u r i n g  unloading  and t h u s  t h e s e  f l u i d s  become e x c e p t i o n a l l y  
e f f e c t i v e  c a r r i e r s  of s o l i d  d e b r i s  caus ing  a lmost  i n s t a n t  mechanical  
breakdown of downhole pumps, d i s l o c a t i o n  of sucker-rod s t r i n g s  from 
s u r f a c e  pump j a c k s ,  and s e v e r e  damage t o  moni tor ing  equipment. 

Unloading o c c u r s  when coalbed g a s  p r e s s u r e s  become g r e a t e r  t h a n  
t h e  h y d r a u l i c  p r e s s u r e s  h o l d i n g  g a s  i n  t h e  c o a l .  This  phenomemon i s  
i n i t i a t e d  s imply by pumping water from a w e l l .  
i s  lowered,  a d i s e q u i l i b r i u m  c o n d i t i o n  i s  c r e a t e d  where g a s  p r e s s u r e  i n  
t h e  coalbed exceeds t h e  h y d r a u l i c  p r e s s u r e  h o l d i n g  gas  i n  t h e  c o a l .  
Unloading t h e n  c o n t i n u e s  u n t i l  water p r e s s u r e  overcomes coalbed g a s  
p r e s s u r e s .  

A s  t h e  b o r e h o l e  water l e v e l  
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The l e n g t h  and c o n d u c t i v i t y  of induced coa lbed  f r a c t u r e s  are 
thought  t o  b e  major f a c t o r s  c o n t r o l l i n g  t h e  s e v e r i t y  and t i m e  l e n g t h  of 
un loading  e p i s o d e s .  In o r d e r  f o r  a w e l l  t o  un load ,  p r e s s u r e  
d i f f e r e n t i a l s ,  c r e a t e d  by b o r e h o l e  w a t e r  draw-down, must b e  r e a l i z e d  
i n  a s u f f i c i e n t l y  l a r g e  area of a coalbed over  a v e r y  s h o r t  p e r i o d  
of t i m e .  S h o r t ,  nonconduct ive induced f r a c t u r e s  a f f e c t  on ly  s m a l l  
p o r t i o n s  of t h e  coalbed and ,  t h e r e f o r e ,  un loading  e p i s o d e s  are s h o r t  
l i v e d  and n o t  v e r y  i n t e n s e .  A t  t h e  o t h e r  extreme,  l o n g ,  h i g h l y  c o n d u c t i v e  
f r a c t u r e s  connected t o  t h e  w e l l b o r e  a l l o w  d e c r e a s e s  i n  h y d r a u l i c  p r e s s u r e  
over  a g r e a t e r  area of c o a l  v e r y  soon a f t e r  b o r e h o l e  water i s  removed. 
Thus, un loading  e p i s o d e s  from t h e  most " s u c c e s s f u l l y "  s t i m u l a t e d  are 
a l s o  t h e  most v i o l e n t  and l o n g  l a s t i n g .  

The h e i g h t  of t h e  induced f r a c t u r e  i n  r e l a t i o n  t o  t h e  uppermost 
h o r i z o n  exposed t o  t h e  w e l l b o r e  might a l s o  b e  a n  impor tan t  f a c t o r  t o  
c o n s i d e r  i n  w e l l  un loading .  A s  water d r a i n s  i n t o  t h e  w e l l b o r e ,  p r e s s u r e  
is reduced and g a s  i s  r e l e a s e d  from t h e  c o a l .  I n s t e a d  of m i g r a t i n g  t o  
t h e  w e l l b o r e ,  however, enough f r e e  g a s  might accumulate  i n  upper  f r a c t u r e d  
h o r i z o n s  t o  r e t a r d  coa lbed  w a t e r  f low.  Unloading could t h e n  t r i g g e r  
as t h e  b o r e h o l e  water l e v e l  i s  lowered because  pumping m a i n t a i n s  a 
cons t a n  t rate. 

The coa lbed  p r e s s u r e  c o n d i t i o n  and t h e  l e n g t h  of t i m e  w e l l s  have 
produced a l s o  e f f e c t  un loading .  A t  new w e l l s  where coa lbed  p r e s s u r e s  
are  h i g h ,  t h e  p o t e n t i a l  f o r  un loading  i s  g r e a t e s t ,  b u t  i s  l e s s e n e d  as 
coa lbed  p r e s s u r e  i s  lowered. 
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EFFECTS OF HYDRAULIC STIMULATION ON COALBEDS 
AND ASSOCIATED STRATA 

S i n c e  1970, Government and i n d u s t r y  r e s e a r c h  have m u t u a l l y  des igned  
and conducted 7 1  h y d r a u l i c  s t i m u l a t i o n  t r e a t m e n t s  i n  c o a l .  
of 1 2  of t h e s e  t r e a t m e n t s  have been observed d i r e c t l y  a f t e r  mining 
o p e r a t i o n s  proceeded through o r  v e r y  n e a r  t h e  underground b o r e h o l e  
l o c a t  i o n s .  

The r e s u l t s  

I n f o r m a t i o n  documenting t h e  underground r e s u l t s  of coa lbed  
s t i m u l a t i o n  f i r s t  became a v a i l a b l e  i n  1977 (16) .  I n  t h i s  r e p o r t ,  E lder  
d e s c r i b e d  h i s  f i n d i n g s  a t  two b o r e h o l e  s i t e s y h e r e  guar  gum g e l  had been 
used t o  t rea t  t h e  I l l i n o i s  No. 6 coa lbed  ( W e l l  No. 5 ,  Table  3) and 
t h e  P i t t s b u r g h  coalbed (Well No. 10,  Table  3 ) .  The f r a c t u r e s  propagated 
from b o t h  s i tes  were ve r t i ca l ,  and were c o n t a i n e d  comple te ly  w i t h i n  t h e  
r e s p e c t i v e  coa lbeds .  The w i d t h s  of t h e s e  f r a c t u r e s  v a r i e d  a c c o r d i n g  
t o  t h e  r e l a t i v e  v i s c o s i t y  of t h e  f l u i d s  used a t  each borehole .  
v i s c o u s  f l u i d  produced f r a c t u r e s  ranging  from 1 /8  t o  112  i n c h e s  wide 
w h i l e  t h e  more v i s c o u s  f l u i d  formed f r a c t u r e s  up t o  2-1/2 i n c h e s  i n  
wid th .  E lder  concluded t h a t  t h e r e  w a s  no a d v e r s e  e f f e c t  on t h e  s t a b i l i t y  
of t h e  o v e r l y i n g  o r  u n d e r l y i n g  r o c k  s t ra ta ,  o r  on mining o p e r a t i o n s .  
P e r i o d i c  o b s e r v a t i o n s  o v e r  more t h a n  two y e a r s  showed t h a t  no d e t e r i o r a t i o n  
of mine roof o r  f l o o r  had taken  p l a c e  where t h e  s a n d - f i l l e d  f r a c t u r e s  
were ear l ier  exposed. 

The less 

The n e x t  two s t i m u l a t e d  b o r e h o l e s  uncovered by mining were l o c a t e d  
i n  t h e  Nary Lee coa lbed  a t  U.S. Steel 's  Oak Grove, Mine, J e f f e r s o n  County, 
AL, o n l y  a few hundred f e e t  a p a r t  i n  t h e  same mine (Well Nos. 19 and 3 3 ,  
Table 3 ) .  
Lambert and T r e v i t s  ( 2 3 ) .  Even though approximate ly  5,000 pounds of 
sand were inc luded  d u r i n g  s t i m u l a t i o n  of one of t h e  w e l l s ,  d e s i g n a t e d  
TW1, a c t u a l  s a n d - f i l l e d  f r a c t u r e s  could  n o t  b e  observed underground. 
There w a s  s u f f i c i e n t  e v i d e n c e ,  however, t o  i n d i c a t e  p a r t i n g s  in  t h e  
c o a l  and mine roof r o c k  w e r e  open d u r i n g  d r i l l i n g ,  cementing,  and 
t h e  e a r l y  s t a g e s  of s t i m u l a t i o n  ( d u r i n g  i n j e c t i o n  of t h e  pad volume).  
The o t h e r  w e l l  examined, d e s i g n a t e d  TW2, w a s  found t o  have  s a n d - f i l l e d  
f r a c t u r e s  l e a d i n g  from t h e  w e l l b o r e .  Unlike t h o s e  f r a c t u r e s  d e s c r i b e d  
by Elder  (16)  , TW2 f r a c t u r e s  were o r i e n t e d  v e r t i c a l l y ,  h o r i z o n t a l l y ,  
and i n c l i n z .  A l l  t h e  f r a c t u r e s  observed ,  however, were found t o  have 
remained w i t h i n  t h e  coalbed u n i t  even though t h e  i n j e c t i o n  p r e s s u r e s  
d u r i n g  s t i m u l a t i o n  w e r e  v e r y  much i n  e x c e s s  t o  what had been a n t i c i p a t e d .  
No a d v e r s e  a f f e c t s  t o  mining were observed o r  r e p o r t e d  as a r e s u l t  
of e i t h e r  of t h e s e  two t r e a t m e n t s .  

These two g e l - t r e a t e d  w e l l s  were documented i n  1978 by 

Two a d d i t i o n a l  b o r e h o l e s ,  d e s i g n a t e d  TW3 and TW4, were la te r  
s t i m u l a t e d  a t  t h e  same mine i n  t h e  Mary Lee coa lbed ,  t h e  r e s u l t s  of 
which were d e t a i l e d  i n  1979 ( 2 6 ) .  This  t i m e ,  t h e  t y p e  of s t i m u l a t i o n  
t r e a t m e n t  a p p l i e d  t o  t h e  c o a l c d  w a s  foam. 
y i e l d e d  v e r y  d i f f e r e n t  r e s u l t s  which showed t h a t  s t i m u l a t e d  f r a c t u r e s  

These two b o r e h o l e  tests 
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are n o t  always l i m i t e d  t o  t h e  coalbed.  
propagated  from t h e s e  two b o r e h o l e s  (Well Nos. 36 and 4 2 ,  T a b l e 3 )  
w e r e  v e r t i c a l ,  v e r y  t h i n ,  and began about  t h r e e  f e e t  up from t h e  b a s e  
of t h e  f i v e  f o o t  t h i c k  coa lbed  and cont inued  f o r  an undetermined 
d i s t a n c e  i n t o  t h e  o v e r l y i n g  roof  strata.  Mine management, b e i n g  somewhat 
concerned about  t h e  p r e s e n c e  of s a n d - f i l l e d  roof  f r a c t u r e s ,  f o r m a l l y  
a s s e s s e d  t h e  e f f e c t s  on t h e  mine r o o f .  
w a s  as f o l l o w s :  

S a n d - f i l l e d  f r a c t u r e s  15/  

The mine management's e v a l u a t i o n  

"Because t h e  roof  of the mine i n  t h e  g e n e r a l  v i c i n i t y  
of TW4 w a s  of a q u a l i t y  which r e q u i r e d  i n s t a l l a t i o n  of 
more roof  s u p p o r t  t h a n  used i n  many o t h e r  p o r t i o n s  of 
t h e  mine, i t  w a s  d i f f i c u l t  t o  assess t h e  e f f e c t  of t h e  
f r a c t u r e  on t h e  mine roof  a t  t h i s  l o c a t i o n .  However, 
no f u r t h e r  increment  of supplemental  roof  s u p p o r t  w a s  
r e q u i r e d  a t  t h e  b a s e  of t h e  b o r e h o l e  o r  a l o n g  the 
f r a c t u r e  wings. 

The roof i n  t h e  g e n e r a l  area of TW3 w a s  of a q u a l i t y  
t y p i c a l  of most of t h e  mine developed t o  d a t e ;  however, 
i n  t h e  immediate area of t h e  bottom of TW3 i n  which 
b o t h  t h e  upper  and lower c o a l  seams had been f r a c t u r e d ,  
i t  w a s  n e c e s s a r y  t o  i n s t a l l  supplementary roof  s u p p o r t .  
This  supplementa l  roof  s u p p o r t  w a s  r e q u i r e d  when mine 
management observed roof  movement a l o n g  t h e  w e s t  r i b  
of t h e  e n t r y  d r i v e n  due n o r t h  of t h e  bottom of t h e  
b o r e h o l e ,  a d d i t i o n a l  draw rock  s e p a r a t i o n ,  roof  
becoming e x c e s s i v e l y  drummy, and water s e e p i n g  o u t  
of c r a c k s  i n  t h e  r o o f .  The supplemental  roof  
s u p p o r t  c o n s i s t e d  of boxing t h e  i n t e r s e c t i o n  
immediately t o  t h e  s o u t h  of t h e  b o r e h o l e  w i t h  
s i x  i n c h  R-beams, i n s t a l l i n g  f o u r  i n c h  H-beams suppor ted  
by t i m b e r s  f o r  d i s t a n c e s  of 70 f e e t  t o  t h e  east 
and 40 f e e t  t o  t h e  n o r t h  of t h e  b o r e h o l e ,  and i n s t a l l i n g  
10  f o o t  long  e x p a n s i o n - s t e e l  anchored roof  b o l t s  
between t h e  s t a n d a r d  f o u r  f o o t  long r e s i n  b o l t s  t o  
e n s u r e  t h a t  t h e  b o l t s  anchored i n  t h e  s o l i d  r o c k  above t h e  
upper  c o a l  seam. 

I n s t a l l a t i o n  of  t h e  supplementary s u p p o r t s  r e q u i r e d  
a d d i t i o n a l  t i m e  as w e l l  as c l o s e  i n s p e c t i o n  by mine 
management t o  e n s u r e  i t s  adequacy; however, i t  w a s  
p o s s i b l e  t o  mine through t h i s  area w i t h o u t  
e x p e r i e n c i n g  any roof f a l l  d u r i n g  mining o p e r a t i o n s " .  

Underground i n v e s t i g a t i o n s  i n d i c a t e d  " f r a c t u r e s "  denot ing  r o c k  
breakage,  do n o t  normally occur  as a r e s u l t  of s t i m u l a t i o n .  
The p h y s i c a l  ev idence  i n d i c a t e s  t h a t  p r e e x i s t i n g  f r a c t u r e s  
( r o c k  j o i n t ,  o r  coalbed c l e a t s )  o r  bedding p l a n e s  are  widened 
d u r i n g  s t i m u l a t i o n .  The e x t e n t  of which t h e s e  f r a c t u r e s  are widened 
depends p r i m a r i l y  on t h e  v i s c o s i t y  of t h e  f l u i d  used d u r i n g  
s t i m u l a t i o n .  Heavi ly  g e l l e d  f l u i d s  have been observed t o  widen 
f r a c t u r e s  as  much as  f o u r  i n c h e s  w i t h i n  t h e  coa lbed .  
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Areas of t h e  mine where t h e s e  f e a t u r e s ,  c a l l e d  " r o l l s " ,  w e r e  observed 
are  shown on F i g u r e  46. Because i n h e r e n t  r o c k  weaknesses deve lop  near 
such f e a t u r e s ,  t h e s e  areas g e n e r a l l y  r e q u i r e  some d e g r e e  of a d d i t i o n a l  
roof  s u p p o r t .  The n e c e s s i t y  f o r  more roof  s u p p o r t  n e a r  TW4 t h a n  used 
i n  many o t h e r  p o r t i o n s  of t h e  mine, as r e p o r t e d  by mine management, may 
b e  a t t r i b u t e d  t o  t h i s  g e o l o g i c  phenomenon r a t h e r  t h a n  s t i m u a t i o n  of 
t h e  test w e l l .  
a t  t h e  b a s e  of TW4 n o r  w a s  i t  r e q u i r e d  a l o n g  t h e  f r a c t u r e  wings,  i n d i c a t e s  
b o r e h o l e  s t i m u l a t i o n  w a s  n o t  t h e  c a u s e  f o r  p r o v i d i n g  a d d i t i o n a l  roof  
s u p p o r t .  

The f a c t  t h a t  a d d i t i o n a l  roof  s u p p o r t  w a s  n o t  r e q u i r e d  

The e n t r y  n e a r e s t  TW3 i s  a l s o  shown on F i g u r e  46 t o  b e  a l o c a t i o n  
of n a t u r a l  roof  d i s t u r b a n c e s .  G e o l o g i s t s  a l s o  noted  t h e  p r e s e n c e  of 
many w e t  roof  j o i n t s  i n  t h i s  area. Except f o r  t h e  s i n g l e  s a n d - f i l l e d  
c r a c k  l e a d i n g  from TW3 ( F i g u r e  461, no ev idence  could  b e  found t o  
i n d i c a t e  t h a t  t h e s e  w e t  roof  j o i n t s  had been c r e a t e d  by s t i m u l a t i o n .  
Unusually l a r g e  amounts of seepage from roof  openings n e a r  TW3 c o u l d ,  
however, be d u e  t o  t h e  b o r e h o l e ' s  p resence ,  s i n c e  i t  i s  a n  accumula t ion  
p o i n t  f o r  water w i t h i n  a c o a l  u n i t  on ly  seven f e e t  above t h e  open 
e n t r y .  

I n f o r m a t i o n  r e g a r d i n g  t h e  e f f e c t s  of b o r e h o l e  s t i m u l a t i o n  on mining 
has a l s o  come from t h e  Emerald Mine, i n  t h e  P i t t s b u r g h  coa lbed ,  Green 
County, PA. 
f r a c t u r e s  l e a d i n g  from f i v e  of t h e s e  have t h u s  f a r  been i d e n t i f i e d  i n  
t h e  mine. Vert ical  f r a c t u r e s  were observed a t  t h r e e  of t h e  b o r e h o l e s  
(Well Nos. 2 1 ,  27,  and 2 8 ,  Table  3 ) ,  ranging  i n  w i d t h  from 1/8 t o  2-1/2 
i n c h e s .  Only one of t h e s e  v e r t i c a l  f r a c t u r e s  extended i n t o  t h e  roof  
r o c k ,  and t h a t  w a s  f o r  a d i s t a n c e  upward of less t h a n  two f e e t .  
H o r i z o n t a l  f r a c t u r e s  approximately 1/8 t o  1 / 4  i n c h e s  t h i c k ,  extended 
from t h r e e  of t h e  b o r e h o l e s  (Well FJos. 21, 27, 30 and 4 0 ,  Table 3 ) .  
H o r i z o n t a l  f r a c t u r e s  were found e i t h e r  a t  t h e  extreme t o p  of t h e  main 
c o a l  bench o r  w e r e  found p r e s e n t  between s h a l e l r i d e r  c o a l  u n i t s  a few 
fee t  above t h e  main bench ( s e e  F i g u r e s  39, 40, and 5 9 ) .  

A t o t a l  o f  e i g h t  boreholes  were completed and s a n d - f i l l e d  

The most r e c e n t  r e s u l t s  of h y d r a u l i c  s t i m u l a t i o n ' s  e f f e c t s  on mine 
roof  come from work b e i n g  conducted i n  t h e  Mary Lee Coalbed a t  t h e  Oak 
Grove Mine2 J e f f e r s o n  County, AL 1 6 / .  Here, induced ve r t i ca l  and 
h o r i z o n t a l  p a r t i n g s  r e s u l t e d  f r o m T h e  no-proppant s t i m u l a t i o n  of b o r e h o l e  
TW5 (Well No. 62, Table  3),  examined underground on J u l y  11 and 1 2 ,  1979. 
These p a r t i n g s  were g e n e r a l l y  s o  t h i n  t h a t  t h e y  could n o t  have been 
l o c a t e d  wi thout  t h e  h e l p  of f l u o r e s c e n t  b l u e  p a i n t  "marker" ( i n c l u d e d  
i n  t h e  s t i m u l a t i o n  f l u i d )  and an u l t r a v i o l e t  l i g h t .  

- 16/  DOE Cont rac t  No. ET-75-20-9027, e n t i t l e d ,  "Demonstration of 
C e g a s i f i c a t i o n  of a P o r t i o n  of t h e  Mary Lee Coalbed" 
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One v e r t i c a l  f r a c t u r e  from "5 extended i n t o  t h e  mine's roof a long 
a d i r e c t i o n  pa ra l l e l  t o  t h e  c o a l  face c l e a t  and could be  t r aced  
approximately f i v e  f e e t  away from t h e  we l lbo re ' s  l o c a t i o n .  
o t h e r  v e r t i c a l l y  o r i e n t e d  f r a c t u r e s  mapped as f a r  as 320 f e e t  from 
t h e  wel lbore ,  were contained completely i n  t h e  upper two t h i r d s  of 
t h e  coalbed. 

A l l  t h e  

A s  discussed  i n  a prev ious  s e c t i o n  of t h i s  r e p o r t  (No-Proppant 
Treatment),  s t i m u l a t i o n  f l u i d  from TW5 w a s  found t o  have spread 
h o r i z o n t a l l y  wi th in  an i n t e r f a c i a l  area between t h e  coalbed and an over ly ing  
s h a l e  rock u n i t .  Within t h e  t es t  area, t h e  coa lbed ' s  s u r f a c e  a t  t h i s  
i n t e r f a c e  w a s  h ighly  pol i shed  and s t r i a t e d  ( s l i c k e n s i d e  s u r f a c e s ) ,  
i n d i c a t i n g  t h a t  t h e  coalbed and s h a l e  had n o t  been t i g h t l y  jo ined  
toge the r  p r i o r  t o  s t imu la t ion .  It is  concluded, t h e r e f o r e ,  t h a t  t h e  
h o r i z o n t a l  p e n e t r a t i o n  of f l u i d  d i d  n o t  change t h e  o r i g i n a l  "weak" 
c h a r a c t e r  o r  s t r e n g t h  of t h e  bond between t h e  coalbed and t h e  over ly ing  
roof rock. Even though t h e r e  w a s  no v i s i b l e  damage o r  excess  water 
o r  gas  dra inage ,  precaut ionary  supplemental  roof support  ( s t e e l  
H-beams) w a s  i n s t a l l e d  f o r  s m a l l  d i s t a n c e s  away from t h e  TW5 borehole  
s i te .  

The development of h o r i z o n t a l  f r a c t u r e s  above t h e  i n t e r v a l  being 
mined is ,  perhaps,  p o t e n t i a l l y  t h e  worst  p o s s i b l e  roof cond i t ion  t h a t  
can be d i r e c t l y  a t t r i b u t a b l e  t o  s t imu la t ion .  Even so ,  t o  d a t e ,  t h e r e  
has  been no observed o r  r epor t ed  e f f e c t s  on a c t u a l  roof s t a b i l i t y  which 
would i n d i c a t e  t h a t  any of t h e  s t i m u l a t i o n  treatments performed as p a r t  
of t h e  Government's d e g a s i f i c a t i o n  program adverse ly  a f f e c t e d  mining 
ope ra t ions .  However, t h e  comparatively small amount of information 
p r e s e n t l y  a v a i l a b l e ,  and t h e  s i g n i f i c a n t l y  d i f f e r e n t  c h a r a c t e r  of t h e  
r e s u l t s ,  sugges ts  t h a t  s e v e r a l  a d d i t i o n a l  tests are requi red  b e f o r e  
t h e  e f f e c t s  of hydrau l i c  s t i m u l a t i o n  can be f u l l y  apprec i a t ed .  
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THE EFFECTS OF REMOVING COALBED FLUIDS BEFORE M I N I N G  

A p r e v i o u s  s e c t i o n  of t h i s  r e p o r t ,  e n t i t l e d ,  " E f f e c t i v e  W e l l  
Placement", d e s c r i b e d  how o p e r a t i n g  d r a i n a g e  w e l l s  a c t u a l l y  create 
c o n d i t i o n s  i n  c o a l b e d s  which a l l o w  gas  t o  b e  r e l e a s e d  and t o  m i g r a t e  
t o  w e l l b o r e s .  These c o n d i t i o n s  are c r e a t e d  by removing water t o  
d e c r e a s e  coa lbed  p r e s s u r e  and lower water s a t u r a t i o n .  It is  known from 
l a b o r a t o r y  work of c o a l  i so therms ( F i g u r e s  1 and 2 ) ,  t h a t  i n c r e a s i n g l y  
l a r g e r  amounts of g a s  are desorbed ( r e l e a s e d )  from the c o a l  as p r e s s u r e  
is  reduced.  Once r e l e a s e d ,  t h e  gas  t h e n  can  t ravel  t o  b o r e h o l e s  v i a  
t h e  n a t u r a l  a n d / o r  induced f r a c t u r e s  i n  t h e  coa lbed .  A s  w e l l s  remove 
water from t h e s e  same f r a c t u r e s ,  t h e  a b i l i t y  f o r  g a s  t o  f low through 
c o a l b e d s  is  i n c r e a s e d  ( 5 ) .  I n  summary, producing b o r e h o l e s  creates 
f a v o r a b l e  c o n d i t i o n s  f o r  g a s  release and m i g r a t i o n  w i t h i n  t h e  area 
of  t h e  coa lbed  a f f e c t e d  by borehole  d r a i n a g e .  

I f  mining i n t e r s e c t s  a n  area of a coalbed which h a s  been p a r t i a l l y  
d e p r e s s u r i z e d  and d e s a t u r a t e d  by a n  o p e r a t i n g  borehole ,  t h e  b o r e h o l e ' s  
d r a i n a g e  area t h e n  becomes a n  e x t e n s i o n  of t h e  mine ' s  d r a i n a g e  area. 
The mine ' s  v e n t i l a t i o n  system would t h e n  b e  r e q u i r e d  t o  contend w i t h  an  
a d d i t i o n a l  amount of g a s  o r i g i n a t i n g  from a l a r g e r  area where c o n d i t i o n s  
are u n u s u a l l y  f a v o r a b l e  f o r  g a s  release and m i g r a t i o n .  
problem c a n  b e  avoided i n  two ways. 

T h i s  p o t e n t i a l  

The f i r s t  way i s  t o  a l l o w  d e g a s i f i c a t i o n  w e l l s  p r o d u c t i o n  t o  
s u f f i c i e n t l y  d e p l e t e  b e f o r e  mining i n t e r c e p t i o n  t a k e s  p l a c e .  
p r a c t i c e ,  t h i s  means t h a t  mine o p e r a t o r s  should  n o t  d r i v e  e n t r i e s  which 
i n t e r s e c t  b o r e h o l e  d r a i n a g e  r a d i i  u n t i l  g a s  p r o d u c t i o n  rates d e c l i n e  
t o  v e r y  low l e v e l s ,  i n d i c a t i n g  t h e  area i s  a c t u a l l y  "degassed". 
E s t i m a t i n g  t h e  areal c o n f i g u r a t i o n  of a b o r e h o l e ' s  d r a i n a g e  area would 
b e  v e r y  d i f f i c u l t ,  however, s i n c e  it would r e q u i r e  a r e l i a b l e  knowledge 
of t h e  induced f r a c t u r e  geometry and an  a c c u r a t e  q u a n t i t a t i v e  method 
of p r e d i c t i n g  dynamic changes i n  coa lbed  r e s e r v o i r  c o n d i t i o n s .  
U n f o r t u n a t e l y ,  p r e s e n t  d e g a s i f i c a t i o n  technology i s  j u s t  now concluding  
"demonstrate  t h e  f e a s i b i l i t y "  phases  of development and t h u s  o f f e r s  
few r e l i a b l e  methods of p r e d i c t i n g  such  p e r t i n e n t  r e s e r v o i r  e v e n t s .  
Another drawback is  t h a t  coa lbed  d e g a s i f i c a t i o n  w e l l s  may r e q u i r e  f i v e  
o r  t e n  y e w s  b e f o r e  s u f f i c i e n t  d e p l e t i o n  t a k e s  p l a c e .  
f o r  "short-termed" d e g a s i f i c a t i o n  c o u l d ,  t h e r e f o r e ,  b e  l o s t  comple te ly .  

I n  

The c a p a b i l i t y  

The problem of  mining through b o r e h o l e s '  d r a i n a g e  areas can  a l s o  
b e  avoided i n  a way t h a t  i s  much more p r a c t i c a l  t h a n  w a i t i n g  f o r  g a s  
d e p l e t i o n  t o  occur .  
create f a v o r a b l e  g a s  p r o d u c t i o n  c o n d i t i o n s  i n  c o a l b e d s ;  t h a t  i s ,  
g e n e r a l  p r e s s u r e  and water s a t u r a t i o n  d e c r e a s e s .  F o r t u n a t e l y ,  t h e s e  
same c o n d i t i o n s  which enhance g a s  release and m i g r a t i o n  are a l s o  i d e a l  
f o r  coa lbed  water r e s a t u r a t i o n  o r  i n f u s i o n  (18).  

T h i s  method i s  based on t h e  same p r i n c i p l e s  which 

- 

- 154  - 



FIGURE 65. = VIEW OF MINE SHOWING TEST WELL 
LOCATIONS AND MINE ENTRIES STUDIED FOR 

GAS EMISSIONS. 
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FIGURE 66. - GRAPH OF CUMULATIVE METHANE 
EMMISSIONS VERSUS LENGTH OF VIRGIN RIB EXPOSED. 
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Infus ion  of t h e  coalbed ( p u t t i n g  water back i n t o  t h e  coalbed) 
raises t h e  coa lbed ' s  formation p res su re  i n  t h e  area and prevents  f u r t h e r  
desorp t ion  of gas.  In  a d d i t i o n ,  i n fus ion  phys ica l ly  p r o h i b i t s  t h e  
movement of any f r e e  gas t h a t  is a v a i l a b l e  by f i l l i n g  t h e  coa lbed ' s  
f r a c t u r e  system(s) w i th  water. 

In  p r a c t i c e ,  t h e r e  are two ways water " infusion" can be incorporated 
i n t o  t h e  v e r t i c a l  d e g a s i f i c a t i o n  technique. The f i r s t  way i s  t o  flow 
w a t e r  back i n t o  t h e  borehole .  
borehole ' s  w a t e r  pump s e v e r a l  weeks be fo re  mine i n t e r c e p t i o n ,  thereby 
al lowing t h e  coalbed t o  "flood" i t s e l f  n a t u r a l l y .  

The second way is  t o  simply turn-off t h e  

There are  two repor ted  in s t ances  where d e g a s i f i c a t i o n  boreholes  
w e r e  water "infused" be fo re  they were in t e rcep ted  by a c t i v e  mining (26). 
These two boreholes  were loca ted  wi th in  t h e  same set of mine en t r ies  
and w e r e  spaced approximately 510 f e e t  a p a r t  ( s ee  Figure 4 1 ) .  The 
boreholes  toge ther  dra ined  about 25 mi l l i on  cubic  f e e t  of gas wi th in  a t o t a l  
t i m e  per iod of 11 months (Figures  42 and 4 3 ) .  
phase,  l a r g e  volumes of water were pumped back i n t o  one of t h e  w e l l s ;  
t h e  o the r  w e l l  w a s  allowed t o  f lood  i t s e l f  n a t u r a l l y .  In  order  t o  
eva lua te  the  e f f e c t i v e n e s s  of t hese  d e g a s i f i c a t i o n  boreholes ,  mine gas  
emissions were measured and recorded whi le  mining t h e  two sets of e n t r i e s  
shown on Figure 65. The east e n t r i e s  were dr iven  590 f e e t  during a 
70 day per iod  encountered a t o t a l  6 1  m i l l i o n  cubic  feet  of gas without  
d e g a s i f i c a t i o n .  Mining opera t ions  then turned w e s t  and, w i th in  63 
days,  reached t h e  f i r s t  d e g a s i f i c a t i o n  borehole  (TW3, Figure 65) a l s o  
590 feet  from t h e  main no r th  e n t r i e s .  
whi le  mining t o  t h i s  "short  t e r m "  d ra inage  borehole  w a s  37 m i l l i o n  
cubic  fee t ,  40 percent  less than t h a t  encountered whi le  mining east. 
The d i f f e r e n c e  i n  gas emissions between the  east and west set of e n t r i e s  
i s  g raph ica l ly  i l l u s t r a t e d  on Figure 66. 
combination of techniques,  d e g a s i f i c a t i o n  and water in fus ion  were 
re spons ib l e  f o r  t h e  comparatively low mine gas emissions t h a t  r e s u l t e d  
i n  t h e  area of t h e  two test boreholes .  

Af te r  t h e  product ion 

The amount of gas  measured 

This s tudy concluded t h a t  a 
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COSTS OF VERTICAL BOREHOLE DEGASIFICATION 

The c o s t s  Drovided i n  t h e  fol lowing s e c t i o n  are a r e s u l t  of two 
Governmentlindustrv cos t - shar ine  d e e a s i f i c a t i o n  Dro iec t s  conducted 
i n  two eeoeraDhical ly  d i f f e r e n t  areas. 
both p r o j e c t s  are  e s s e n t i a l l y  t h e  same. The p r o j e c t  i n  Alabama, 
however, requi red  d r i l l i n g  deeper w e l l s ,  l a r g e r  s t i m u l a t i o n  t r ea tmen t s ,  
and more s o p h i s t i c a t e d  s u r f a c e  monitor ing,  product ion and s a f e t y  equipment. 

Basic  completion des ign  f o r  

P i t t s b u r g h  Coalbed, Greene County, PA 

A t o t a l  of e i g h t  boreholes  were d r i l l e d  and completed a t  t h e  s i t e  
of t h e  newly developing Emerald Mine near  t h e  town of Waynesburg, PA, 
dur ing  1976 and 1977.  Government funding w a s  provided t o  foam s t i m u l a t e  
seven of t h e s e  w e l l s  (37). Average s t i m u l a t i o n  t rea tment  s i z e  w a s  
82,800 g a l l o n s  of foam and 11,100 pounds of 20 t o  40 mesh s i z e  sand. 
Product ion equipment c o s t s  were low, p r imar i ly  because t h e  w e l l s  
were n o t  equipped wi th  meters o r  f l a r e  s t a c k s .  

Waynesburg, PA 

S i t e  P repa ra t ion  

Access and s i t e  p repa ra t ion  on company proper ty  
Power l i n e s ,  po le s  and i n s t a l l a t i o n  

D r  i 1 1 ine: 

6-1/4 inch  diameter  h o l e  (765 f t .  average depth  @ 1 1 . 5 0 / f t )  

Logging 

Gamma ray  and neut ron  log  
Three-D v e l o c i t y  log  

Ca s i n g  

4-1/2 i nch  diameter ,wel l  ca s ing ,  yellowband 10.5 and 10.7 

Format ion packer shoe 
pound l f t ,  3000 pound test  (735 f t  average depth @ 2 . 4 8 / f t )  

Cementing 

8,500.00 
1,100.00 

8,800.00 

700.00 
1,600.00 

1,825 . O O  
625.00 

Cement 15  pounds/gal lon wi th  sa l t  a d d i t i v e  (175 sacks  @ 3.14/sack) 550.00 
Other ( inc ludes  placement of ca s ing  i n  we l l )  495.00 
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St imula t ion  

Se rv ice  r i g  t o  d r i l l  ou t  packer shoe and c l ean  w e l l  
Foam f r a c  (32 ,800  g a l l o n  average  volume, 11,100 pounds 

Nitrogen f o r  Frac 
Frac Tank ( 2 @ 150.00 each) 
Water Hauling (20 ,000  g a l l o n s  @ 100.00/15 ,000  ga l lon )  

20 t o  40 mesh sand) 

Product ion Equipment 

Walking beam pump j a c k  complete inc ludes  downhole pump 
Sucker rods  recondi t ioned  5/8 inch and cas ing  head 
Tubing 2-3/8 inch  diameter  (approximately 765 f t  @ 0 . 5 6 / f t )  
I n s t a l l a t i o n  of product ion equipment 

To ta l  Cost pe r  W e l l  

6,000.00 

4,400.00 
2,650.00 

300.00 
140.00 

2,000.00 
400.00 
430.00 
600.00 

$41,610.00 

Mary Lee  Coalbed , J e f f e r s o n  County, AL 

A t o t a l  of 17 w e l l s  w e r e  d r i l l e d  and completed i n  1977 i n  a g r i d  
p a t t e r n  near  t h e  town of Oak Grove, Alabama. F i f t e e n  of t h e s e  w e l l s  
were foam s t imula ted  w i t h  roughly t h e  same s i z e  t rea tment  (48 ,000  g a l l o n s  
foam, 23,000 pounds of 80 t o  100 mesh sand, and 42,100 pounds of 20 t o  40 
mesh s i z e  sand) .  
c o s t  from bulk  purchases  of equipment as w e l l  as s e r v i c e s .  
without  bu lk  purchases ,  some c o s t s  would be cons iderably  h ighe r .  
Kaintenance c o s t s ,  a l s o  a cons iderably  expensive i t e m ,  a re  n o t  included 
i n  t h e  fo l lowing  r e p o r t  of c o s t s .  

Some of t h e  c o s t s  presented  are  based on average  
Understandably,  

Oak Grove Alabama 

S i t e  P repa ra t ion  

S i t e  survey,  p repa ra t ion  and roads  on company proper ty  
Power, l i n e s ,  po le s  and i n s t a l l a t i o n  

4,800.00  
3 , 700.00 

D r  ill ing  

1 2  i nch  diameter  h o l e  f o r  s u r f a c e  cas ing :  (approximately 
15 f t  @ 2 6 . 5 0 / f t )  400.00 

6-1/4 inch  diameter ho le s :  (1,100 f t  average  depth  @ 10 .75 / f t )  11,825.00 
Coring f o r  deso rp t ion  t e s t i n g  2,700.00 

Logging 

V e r t i c a l  dev ia t ion  survey and r i g  t i m e  
Gamma ray ,  d e n s i t y  log  and r i g  time 

1,850.00 
1,980.00 
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C a  s i n g  

8-5/8 inch  diameter  s u r f a c e  cas ing:  (approximately 15 f t  @ 7 .90 / f t )  120. ( 

3 .60 / f t )  f l o a t s h o e  and c e n t r a l i z e r s  3 , 960. ( 
4-1 /2  inch  diameter  w e l l  cas ing ,  16-55 9.5 pound/f t  (1,100 f t  @ 

Cement i n g  

Cement, 15 pound/gallon wi th  s a l t  a d d i t i v e  (1,100 f t  @ 3.30 f t )  
inc ludes  i n s t a l l a t i o n  of cas ing  3,630. I 

St imula t ion  

Foam Frac (48,000 g a l l o n  average volume, 23,000 pound 80 t o  100 
mesh sand,  42,000 pounds 20 t o  40 mesh sand) 10,690.( 

Nitrogen f o r  Frac 3 , 000. ( 

Frac tank  500.1 
Rig t i m e  and l abor  1,250.1 

Product ion Eau iDment 

Walking beam pump j a c k  and p o l i s h  rod 
Sucker rods ,  recondi t ioned  5 /8  inch  (1,100 f t  @ 0 .25 / f t )  
Tubing, used (1,100 f t  @ 0 .85 / f t )  
Wellhead 
Downhole pump and i n s t a l l a t i o n  
Gas and water meter, inc ludes  i n s t a l l a t i o n  
Flare s t a c k  and assembly 
Lightening p r o t e c t i o n  
Miscellaneous w e l l  clean-out and standby time 
Contingencies f o r  mishaps and weather 

2,080.1 
275.1 
935.1 
110 .I 

1,540 . I  
1,725.1 
1,410.1 

3,500 .I 
6,000. 

1,100.' 

Tota l  Cost per  Well $69,080. 
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